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ABSTRACT 
Tumor Necrosis Factor-α Effects on Endothelial Cell Adhesion Strength and Traction Force on 
Substrates of Varied Stiffness 
Isabel Munroe Buckner 
Alisa Morss Clyne, Ph.D. 
 
 
 
 
Hypertension, a cardiovascular disease characterized by high blood pressure, affected 
25.8% of American adults in 2008 (59.4 million people). Hypertension is associated with 
increased vascular stiffness, which historically has been thought to be caused by vascular 
adaptation to increased pressure. More recently, human and animal studies demonstrated 
increased vascular stiffness prior to high blood pressure development. Like many cardiovascular 
diseases, hypertension is also associated with increased inflammation marked by elevated 
inflammatory cytokines such as tumor necrosis factor-α (TNF-α). A combination of early 
reversible vascular stiffness and TNF-α may lead to long-term arterial stiffening via vascular 
remodeling. Both stiff substrates and TNF-α can alter endothelial cell adhesion and traction 
forces. However, the impact of TNF-α on endothelial cell adhesion and traction force has not 
been studied in endothelial cells on substrates of different stiffness. 
I designed and tested a procedure to measure endothelial cell adhesion strength on 
substrates of varied stiffness using a spinning disc apparatus. Polyacrylamide gels were 
micropatterned with 30 μm diameter fibronectin spots using microfabricated 
polydimethylsiloxane stamps. Only 50 to 60% of the micropattern transferred onto 
polyacrylamide gels due to the large stamp size, and subsequent cell seeding covered less than 
60% of the patterned spots. Over 15% of the spots with attached cells had multiple cells on each 
spot. These design challenges could not be overcome and prevented use of the system to test the 
effects of TNF-α on endothelial cell adhesion strength. I subsequently used traction force 
microscopy to quantify single and monolayer endothelial cell-substrate forces with TNF-α 
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stimulation on 6 and 55 kPa polyacrylamide gels. Single cell traction forces were not significantly 
different with TNF-α treatment, possibly due to the lack of cell-cell junctions. In contrast, cell 
monolayers on soft substrates doubled overall traction force (from 150 to 300 Pa) with TNF-α 
stimulation, while cells on stiff substrates doubled traction force (from 500 to 1200 Pa) only at 
cell-cell junctions. These data suggest that endothelial cell monolayer response to TNF-α depends 
on substrate stiffness, which could impact long-term irreversible vascular remodeling. Early 
arterial stiffness and inflammatory cytokine measurements could prevent hypertension 
complications in millions of Americans.
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1. INTRODUCTION 
1.1 Clinical Relevance 
1.1.1 Hypertension – a Disease of Vascular Stiffness 
Hypertension, a cardiovascular disease characterized by high blood pressure, affected 
25.8% of American adults in 2008, equating to 59.4 million people [1]. In 2010, the total cost of 
hypertension including health care services, missed work days, and medication totaled $69.9 
billion. The costs are only projected to increase by 2030 to $200.3 billion [2]. Costs associated 
with hypertension are twice that of age-related heart disease, which provides a large incentive for 
studying hypertension-induced changes in the vasculature. Hypertension increases both systolic 
and diastolic blood pressure by at least 20 and 10 mm Hg respectively, and also leads to stiffer 
vessels [3-5]. These changes increase cardiac left ventricular workload, which can cause left 
ventricular hypertrophy, myocardial infarction, and stroke [6].  
 In hypertension, vascular stiffness changes on both a short and long term time scale. 
Short-term vascular stiffness changes due to smooth muscle cell contraction, which can be 
directly mediated or related to signals from endothelial cells. Smooth muscle cells form the 
medial layer of blood vessels and are critical to blood vessel dilation and constriction in response 
to physiological cues [7]. Smooth muscle cells contract to transiently increase vascular stiffness 
in response to environmental cues. Endothelial cells that line the blood-contacting surface of 
blood vessels produce nitric oxide, which induces smooth muscle cell relaxation. Hormones like 
angiotensin II (AII) affect vessel stiffness by decreasing nitric oxide availability through AII-
stimulated NOS uncoupling [3]. Salt intake can stimulate vascular smooth muscle cell tone and 
interact with the AII pathway to have similar effects to changes in hormone levels [3]. Often 
these changes in stiffness are not uniform throughout the vasculature and most often affect the 
 2 
more central vessels, while leaving the peripheral vasculature such as the small arteries in the 
arms and legs at the same stiffness [3].   
In the long term, vascular stiffness increases through structural changes in the 
extracellular matrix (ECM) proteins and smooth muscle cells of the vascular wall. In the ECM, 
elastin fractures due to the cyclic stress as well as degradation by matrix metalloproteinases 
(MMPs) [4]. Vascular wall stiffness increases as load is transferred from stretchy elastin fibers to 
stiffer collagen fibers [4]. Elastin degradation and disruption also creates a location for 
mineralization, such as calcium deposits [3]. Collagen can also be cross-linked, for example by 
advanced glycation end products (AGE), which leads to stiffer vessels [8]. Long-term (chronic) 
hypertension also thickens artery walls through increased smooth muscle cell proliferation 
triggered by upregulated AII. High salt intake can also thicken the medial layer of vessels 
containing the smooth muscle cells [3]. The increased thickness decreases vessel compliance [3]. 
ECM changes such as increased collagen and degraded elastin have also been associated with 
vascular smooth muscle cell migration and proliferation, thickening the middle layer of the blood 
vessel and creating stiffer vessels [9].   
1.1.2 Inflammation in Hypertension 
The current theory in hypertension research is that a short-term increase in vascular 
stiffness precedes elevated blood pressure. At this point, there are no irreversible structural 
changes in the vessel wall. However when the initial stiffness increase is associated with another 
stimulus such as elevated inflammation, the inflammatory response may cause endothelial cell 
dysfunction and vascular remodeling including increased ECM deposition and smooth muscle 
cell proliferation [10].  
Inflammation in hypertension is associated with up-regulated expression of several 
inflammatory molecules including tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) [10]. 
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When microbes or other foreign invaders enter the body during infection, macrophages and T-
cells secrete TNF-α, which chemotactically stimulates macrophage aggregation at the 
inflammation site [11]. In inflammatory cells, TNF-α release is thought to be regulated through 
NF-κB. I-κB typically inhibits NF-κB production; however inflammatory stimuli can 
phosphorylate and degrade the molecule. Once I-κB is removed, the NF-κB can translocate into 
the nucleus where it binds to promote TNF-α production by the macrophage or T-cell [11]. In 
addition to this typical pathway for TNF-α production, Cendan et al. showed that endothelial cells 
produce TNF-α as well. Porcine aortic endothelial cells produced TNF-α when induced by 
lipopolysaccharide (LPS) [12]. In a systemic inflammatory situation, such as hypertension, both 
of these mechanisms might work together to elevate TNF-α levels in the body. 
In endothelial cells, high TNF-α levels can induce apoptosis. Lower TNF-α levels induce 
actin contraction and cell-cell junction loss, which may lead to decreased nitric oxide production, 
increased reactive oxygen species (ROS) production, and increased monolayer permeability [13]. 
TNF-α levels have been found to be elevated in hypertensive individuals, indicating increased 
inflammation with associated vascular remodeling, decreased nitric oxide production, increased 
ROS, and increased permeability [14]. The importance of TNF-α in hypertension is also 
highlighted through studies of a TNF-α inhibitor, etanercept. When etanercept was given to 
hypertensive mice on a high salt diet, the TNF-α inhibitor delayed hypertension progression [15]. 
In vitro, TNF-α rearranges actin filaments within the endothelial cells leading to increased 
permeability of the selective barrier normally formed by the blood vessel endothelium via actin 
contraction [16]. Stroka et al. demonstrated that treatment of human umbilical vein endothelial 
cells (HUVECs) with TNF-α for 24 hours increased the traction force that single cells exerted on 
the substrate by twofold [17]. Thus changes in actin contraction induced by TNF-α can result in 
changes to the cell-substrate force interactions. 
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1.2 Cell-Substrate Interaction 
1.2.1 Integrin Adhesion to the Extracellular Matrix 
 Cells adhere to their substrate through integrins, transmembrane heterodimers that link 
the intracellular cytoskeleton to the ECM [18]. Integrins form a physical connection as well as 
initiate signaling pathways that transmit information about the cell environment to the rest of the 
cell [19]. Integrins vary in composition and conformation with ECM protein composition and 
across different cell types. All integrins are made up of noncovalently bound alpha (α) and beta 
(β) subunits [20]. The β subunit consists of two components: a membrane-spanning domain and a 
short extension into the cell cytoplasm. The larger α subunit similarly has an extension into the 
cytoplasm and a membrane-spanning portion, but it also has a large extracellular domain as well. 
[20]. Eighteen α and eight β subunits have been discovered currently. These subunits can be 
combined in different ways, leading to 24 possible combinations [19].  
 The different subunit combinations specify integrin binding to different ECM proteins or 
ligands [20]. The β subunit binds directly to the amino acid sequence of the ECM proteins while 
the α subunit regulates the β subunit [19]. For instance, β1 is a versatile β subunit that binds to 
collagen, laminin, fibronectin, as well as others. The α subunits then provide specificity for 
binding of a particular ECM protein, such as α5 for fibronectin binding and α2 for collagen binding 
[19].  
 In addition to specificity through the α subunit, integrins have different conformations 
that affect the binding affinity. Cells with integrins in the extended conformation, as opposed to 
bent, show a high affinity for integrin binding [21]. When in the closed or bent position, the α 
subunit is wrapped around the propeller-like portion of the β subunit. To activate an integrin, 
intracellular signals must interact with the β subunit inside the cytoplasm, which results in an at 
least 80° swing into the activated state [19].  
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 In addition to signaling to activate the integrins, once the integrin is bound to the ECM, it 
can initiate intracellular signaling. This “outside-in” signaling can modulate the cell’s actin 
cytoskeleton [22]. The β subunit has been found to have a direct connection to α-actinin of the 
cell cytoskeleton, contingent on ligand binding [23]. When many integrins bind in a small area, a 
focal contact if formed. The focal contact assembles cell signaling molecules such as focal 
adhesion kinase (FAK) and Rho that then trigger focal adhesion formation from focal contacts. 
The increased signaling molecule concentration then activates signaling pathways that control 
important cell functions such as cell shape, migration, and adhesion strength [23]. 
1.2.2 Adhesion Strength 
 Adhesion strength is the strength of the bond formed between the integrins of a cell and 
the ECM proteins coating a surface. Adhesion strength impacts cell proliferation, migration, 
spreading, and signaling. Cell adhesion strength is regulated by the integrin quantity and type. 
Adhesion strength increased in 3T3 fibroblasts with increasing fibronectin patterning density 
[24].  Decreases in fibronectin density decreased cell adhesion strength in mouse embryonic 
fibroblasts, as measured by magnetic tweezers [25]. Cai et al. showed that blocking the β1 
receptor in porcine esophageal fibroblasts seeded on fibronectin decreased cell adhesion strength 
by 35%, as measured by micropipette aspiration [26]. In addition, blocking the α5β1 integrin 
decreased cell adhesion strength by one hundred-fold, despite the fact that the αvβ3 integrin was 
still intact and able to bind fibronectin [25]. 
 Quantitative adhesion strength changes can be measured by several different methods. A 
parallel plate flow chamber applies a constant shear stress by flowing medium across cells seeded 
in the chamber [27]. In this system, cell detachment is easily observed, and flow patterns are 
easily verified, which is important to ensure that the forces are evenly applied to the cells. 
However, since a constant shear stress is applied to all cells, multiple experiments are required to 
test different applied stresses, which can then be collectively used to calculate adhesion strength 
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[27]. In a parallel disc viscometer, a bottom disc spins to create liquid flow under a freely 
suspended top disc, thereby applying shear stress to cells to test adhesion strength. This testing 
method enables testing a range of shear stresses in a single experiment, as the shear stress varies 
linearly with radial distance. However, the device requires validation at higher speeds to confirm 
a smooth flow pattern indicating even distribution of forces. In addition, the chemical conditions 
are not constant at the surface due to the two different parallel plate rotation speeds, which could 
be problematic if examining biochemical treatment effects [27]. The final method is a spinning 
disc device that produces a linear range of forces over a coverslip by spinning at a predetermined 
speed [28]. Cells are submerged in liquid and spun to generate a hydrodynamic flow in the 
chamber. This generates a shear stress that increases radially along the disc surface from zero at 
the center to a maximum at the edge. The attached cells are quantified vs. radial distance after 
spinning to determine the adhesion strength [29]. However, this system also requires flow pattern 
validation at higher speeds to ensure that disruptive flow is not changing the forces exerted on the 
cells across the disc. The spinning disc and other adhesion strength testing methodologies are 
powerful tools because spin speed or flow rate, ECM coating, and substrate stiffness can all be 
varied individually to study the direct effect on adhesion strength.  
1.2.3 Traction Force 
 Traction force is the resting force that a cell exerts on the substrate, measured without 
introduction of an outside mechanical force. Traction force can be measured using optically 
modifiable elastic substrates. In this method, cells adhere to deformable elastic substrates with 
stiffness that can be controlled using ultraviolet light. Adhered cells generate wrinkles when they 
pull on the substrate, and traction force can be calculated from wrinkle size [30]. Traction force 
can also be measured by seeding fibroblasts in spheres of collagen that are several hundred 
microns in size. As the cells begin to contract and exert traction forces on the collagen, the 
diameter of the microsphere will reduce and the reduction in diameter can be converted into 
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traction force using the change in the microsphere diameter and collagen stiffness [31]. Traction 
force can also be measured by seeding cells on elastic microneedles arranged in a known pattern. 
The cells pull on the microneedles, and microneedle displacement and stiffness can be combined 
to determine the cell traction force [32].  
 Traction force microscopy (TFM) measures the magnitude, direction, and location of 
forces exerted by a cell on a substrate through a deformable substrate and fluorescent marker 
beads. Cells adhered to a gel pull on the surface and move the beads that are embedded just below 
the gel surface [33]. Fluorescent bead images are captured while the cell is adhered and then after 
it is detached, often by trypsinization. When the change in bead location is combined with cell 
phase contrast images, bead movement underneath the cell can be calculated. The movement can 
then be converted into a traction force using substrate parameters such as stiffness, thickness, and 
Poisson’s ratio [33]. Traction force data in addition to adhesion strength data can provide 
information about the way a cell adheres to a surface with a particular ECM coating or changes 
over time with treatment.  
 
1.3 Adhesion and traction force changes with substrate stiffness 
 Few studies examined adhesion force on substrates of different stiffness. Engler et al. 
studied C2C12 adhesion strength on substrates of different stiffness using micropipette aspiration. 
Increasing substrate stiffness from 1 to 8 kPa increased cell adhesion strength in a logarithmic 
fashion [34]. Traction force was first calculated via TFM by Dembo and Wang in 1999 using a 
newly developed program called LIBTRC 2.4 [33]. In its first documented application, the 
program was used to study traction forces generated by migrating 3T3 fibroblasts. Forces at the 
leading edge were nearly 300 times greater than at the trailing edge, however they were confined 
to a very small area. In this same paper, Dembo and Wang mention that fibroblasts actin 
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structures are affected by substrate stiffness and postulate that stiffer substrates would produce 
different traction forces [33]. Dembo and Wang joined two other researchers to release a second 
paper just over a year later, showing for the first time that fibroblast traction force increased on 
substrates of increasing stiffness. Increased cell spreading was also observed on stiffer substrates 
[35]. For endothelial cells in particular, increasing substrate stiffness (using 1 to 10 kPa 
polyacrylamide gels) nearly doubled the traction force exerted on the substrate by single bovine 
aortic endothelial cells (BAECs) [36]. Traction force changes in response to different substrate 
stiffnesses may indicate integrin up-regulation or increased actin fibers and subsequent 
contraction.  
 
1.4 Traction force changes with TNF-α 
TNF-α increases filamentous actin (f-actin) that eventually binds together through α-
actinin to form actin stress fibers [16, 37]. HUVEC treatment with TNF-α for 24 hours caused 
endothelial cells to change from the typical cobblestone morphology to an elongated morphology 
with thick actin stress fibers that passed over the nucleus in the elongation direction [38]. The 
increase in actin stress fibers due to TNF-α is accompanied by increased cell contraction [16]. 
Stroka et al. showed that traction force doubled in single HUVEC treated with TNF-α for 24 
hours [17], which may relate to actin cytoskeleton changes.  
Actin cytoskeleton rearrangement due to TNF-α treatment is also thought to disrupt cell-
cell junctions [39]. Adherens junction proteins such as VE-cadherin and the catenins bind directly 
to actin fibers. Actin cytoskeleton changes can break apart the adherens junctions because actin 
depolymerization may alter and disrupt the adherens junction protein-actin interaction [38]. These 
changes may cause increased permeability due to TNF-α [38]. In addition, breaking of cell-cell 
junctions should change the cell traction force distribution because the cell-cell forces must be 
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redistributed to the substrate or remaining cell-cell junctions. The changes in force with TNF-α 
induced cell-cell junction disruption may result in increased tension on the cell-substrate 
adhesions that can be measured via TFM.  
 
1.5 Thesis Goals 
Summary 
 Hypertension increases vascular stiffness and inflammation, and short-term interactions 
between stiffness and inflammation may lead to long-term changes in stiffness via vascular 
remodeling. Inflammation in hypertension increases circulating TNF-α levels. In vitro, stiff 
substrates and TNF-α can both increase traction force in single cells at longer time points. 
However, cell monolayers represent a more physiological situation. The question then becomes, 
does substrate stiffness modulate short-term endothelial cell monolayer substrate mechanical 
interactions in response to TNF-α? I hypothesize that endothelial cell monolayers on stiffer 
substrates increase traction forces at shorter time points when treated with TNF-α than 
cells on softer substrates. To investigate this hypothesis, I completed the following aims: 
 
Specific Aim 1: Quantify cell adhesion strength to fibronectin micropatterned substrates of 
different stiffness 
Our laboratory previously showed that endothelial cell adhesion strength increased in cells on 
glycated collagen and vitronectin as compared to native collagen [21]. However, cells in these 
studies were only allowed to adhere for 15 minutes to avoid extensive spreading. Micropatterned 
substrates would increase the time that the cells can adhere to the substrate without extensive cell 
spreading. In this aim, I designed, developed, and tested a procedure to micropattern 
polyacrylamide gels of varying stiffness to control cell spreading and thereby tested adhesion 
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strength in cells on different stiffness substrates allowed to adhere for up to 24 hours. I 
hypothesized that cells on substrates of increased stiffness would show increased adhesion 
strength. 
  
Specific Aim 2: Determine effect of TNF-α on traction forces of single cells on substrates of 
varying stiffness 
Cells exposed to TNF-α undergo several structural changes in the actin cytoskeleton including 
synthesis of new actin fibers [39]. Stroka et al. showed that TNF-α can cause large increases in 
single cell traction forces [17], but it is unknown if endothelial cell traction forces in response to 
TNF-α change when the substrate stiffness varied. In this aim, I quantified single endothelial cell 
traction forces in response to 10 or 25 ng/mL TNF-α on 2 and 6 kPa polyacrylamide gels. I 
hypothesized that TNF-α treatment would increase traction force exerted by single cells, and 
addition of different substrate stiffnesses would change the temporal response of cells to TNF-α. 
 
Specific Aim 3: Measure effect of TNF-α on traction forces of cells in monolayers on 
substrates of varying stiffness 
Cells exposed to TNF-α form new actin stress fibers , which modulate adherens junction forces 
and integrity through their direct protein connections [39]. The change in adherens junction 
assembly may change traction force at the cell-cell junctions and throughout the cell because 
force redistribution will occur when the cells can no longer apply force to each other and my 
switch to cell-substrate interactions. In this aim, I measured traction force of endothelial cell 
monolayers in response to TNF-α on substrates of varying stiffness. I hypothesized that cells on 
soft substrates would increase overall traction force with TNF-α treatment because the cell-cell 
junctions remain intact, while cells on stiff substrates would increase traction force at cell-cell 
junctions due to increased actin fiber formation and cell-cell junction disruption. 
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This research enhanced our understanding of how cell-substrate interactions change over time in 
response to soluble factors, and how TNF-α in particular affects the traction force of single cells 
and those in a monolayer. This will improve our knowledge of TNF-α effects in hypertension and 
could suggest a treatment timeline to best mediate the effects of hypertension on the endothelial 
cells. 
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2. DESIGN OF SPINNING DISC SUBSTRATE MODIFICATION 
2.1 Introduction 
2.1.1 Current Strategies 
Adhesion strength has been studied previously using spinning disc technology. A 
spinning disc device produces a linear range of forces over a coverslip by spinning at a 
predetermined speed [28]. Cells are seeded on the coverslip, which is submerged in liquid and 
spun to generate a hydrodynamic flow in the chamber. This generates a shear stress that increases 
radially along the disc surface from zero at the center to a maximum at the edge. The cells 
remaining on the coverslip are counted at each radial distance to determine where 50% of the 
cells have sheared off and thus determine the adhesion strength [29].  
2.1.2 Drawbacks of current methods 
The problem with the current spinning disc technique as it is often used is that the cells 
are only allowed to adhere for a short time (~15 minutes) before shear stress is applied. In this 
short time period, cells cannot form focal adhesions and soluble factors might not take effect [21]. 
Focal adhesions are not formed until around an hour after attachment to the substrate, long after 
the cells are tested by the spinning disc device [40]. This means that the adhesion strength being 
tested is the very beginning of cell adhesion when only focal complexes have formed rather than 
focal adhesions. Focal complexes are formed within 90 seconds of cell seeding in fibroblasts [41]. 
The short time constraint for cell seeding on the spinning disc also limits analysis of biochemical 
effects on cell adhesion strength. If tumor necrosis factor-α or aldosterone does not rapidly affect 
cell adhesion, then the cells will be tested on the spinning disc device long before any effects on 
the cytoskeleton or cell occurred. 
Micropatterning is a technique used to deposit microscale protein patterns. When cell 
spread area is controlled through micropatterning with a nonadhesive background, cells can 
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attach for hours without losing the rounded morphology necessary to perform spinning disc 
analysis. A rounded morphology allows for equivalent shear stress application to all the cells 
attached to the coverslip. Any cells that have spread into a flattened morphology do not 
experience the same level of shear stress as the rounded cells that experience a higher level of 
shear stress due to their protrusion into the fluid of the chamber. The flattened cells also require a 
great deal of force to remove, much higher than can be produced by the spinning disc apparatus. 
In addition, cells in vivo are rounded and not flattened, meaning the micropatterned cells are 
more representative of in vivo conditions. Micropatterning was previously used with the spinning 
disc device to determine adhesion strength differences with cell spread area, ligand density, and 
focal adhesion quantity [24]. Micropatterned spinning disc substrates were also used to study the 
effects of adhesion time on adhesion strength [42].  
While micropatterning for spinning disc is currently in use by a small number of 
researchers, there is no record of micropatterning larger discs to provide more cells for analysis 
and the ability to spin at lower speeds to generate similar shear stress. There is also currently no 
method to micropattern substrates of different stiffness for spinning disc analysis. Despite the 
many advantages of micropatterning spinning disc substrates, the method is not widely used and 
the results are not found in different labs.  
2.1.3 Alternatives to current methods 
Spinning Disc Alternatives 
 A parallel plate flow chamber applies shear stress to cells to study adhesion strength. In 
this system, cell attachment and detachment is easily observed, and flow patterns are easily 
verified. However, a constant shear stress is applied, so multiple experiments are required to 
generate results for different applied stresses and calculate the adhesion strength [27]. 
 The parallel disc viscometer also applies shear stress to cells as a hydrodynamic flow 
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system. This testing method allows for the testing of a range of shear stresses in a single 
experiment, as the shear stress varies linearly with radial distance. However, the flow pattern 
requires validation at higher speeds and the chemical conditions are not constant at the surface 
[27]. The advantages and disadvantages of each alternative method are summarized in a SWOT 
analysis in Table 1. 
 
 
 
Table 1. SWOT analysis of alternative spinning disc methods. SWOT analysis of the 
alternative methods to the spinning disc for testing single cell adhesion strength. 
 Strengths Weaknesses Opportunities Threats 
Parallel plate 
flow chamber 
• Cell 
detachment 
easily 
observed 
• Flow easily 
verified 
• Multiple 
experiments 
required per 
result 
 
• Technique 
already 
used in lab 
• Increased 
time to get 
similar 
result 
Parallel disc 
viscometer 
• Range of 
shear stress 
tested per 
experiment 
• Flow pattern 
requires 
validation 
• Chemical 
conditions 
not constant 
at surface 
• Shear 
stress 
varies 
linearly 
with radial 
distance 
• Requires 
building 
new 
apparatus 
 
 
 
 
Micropatterning Alternatives 
Dip-pen nanolithography allows the precise manipulation of biological materials. The 
problem encountered with this extremely precise technique is the limit in patterned spot size. Dip-
pen nanolithography is not useful for spots larger than 100 nm, which is far too small for an 
adherent cell [43]. In addition, pattern creation would take a large amount of time or a large, 
expensive cantilever array [44].  
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 Inkjet protein printing can be used to pattern cells [45]. In this application, a standard 
inkjet printer is loaded with a protein such as collagen that can then be printed from patterns 
created in standard programs (e.g., PowerPoint) [45]. This method is inexpensive, simple, and 
repeatable, as well as easily applied to large areas. One drawback of inkjet printing is 
micropattern accuracy. The pattern would need to be drawn in a computer aided design (CAD) 
program, thus eliminating the benefit of using standard software. In addition, the printer 
resolution is likely insufficient to create microscale size spots with dimensions that are accurate 
compared to what has been specified within the CAD program. Inkjet printers are typically used 
for macroscale printing and may not be able to produce spots with such small dimensions [45]. 
 A microplotter can also be used to print microscale features. The device, manufactured 
by Sonoplot, can print biologics on multiple surfaces including hydrogels. The resolution allows 
inter-spot distances as small as five µm, and the spot resolution can also be as low as five µm. 
This method would efficiently pattern the substrates, but again would require a large CAD file to 
guide the microplotter. In addition, the Sonoplot is an expensive piece of equipment. The 
advantages and disadvantages of each alternative method are summarized in a SWOT analysis in 
Table 2. 
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Table 2. SWOT analysis of alternative micropatterning methods. SWOT analysis of the 
alternative methods for micropatterning substrates to test single cell adhesion strength. 
 Strengths Weaknesses Opportunities Threats 
Dip-pen 
nanolithography 
• Precise 
• Direct 
protein 
deposition  
on a surface 
• Expensive 
• Slow 
• Spots 
patterned 
are too 
small 
• Can 
create an 
array to 
deposit 
multiple 
spots at 
once 
• AFM work 
would 
require long 
hours on 
shared 
equipment 
Inkjet printing • Simple 
• Automated 
• Inexpensive 
• Repeatable 
• Low 
resolution  
• Low 
accuracy 
• Multiple 
shapes 
could be 
quickly 
printed 
• Designs 
created in 
CAD would 
require 
processing 
power 
Sonoplot • Prints 
directly on 
hydrogels 
• High 
resolution  
• Precise 
control 
• Materials 
not 
readily 
available 
• High cost 
• Multiple 
shapes 
could be 
quickly 
and 
precisely 
printed 
• Designs 
created in 
CAD would 
require 
processing 
power 
 
 
 
 
2.1.4 Advantages of new method 
 The newly designed system of testing single cell adhesion strength incorporated 
substrates of varying stiffness over a coverslip that was larger than previously used for 
micropatterned adhesion strength testing. Polyacrylamide gels were used as a coverslip coating 
with modifiable substrate stiffness. The gels provided a nonadhesive background for 
micropatterning that did not lose effect after 24 hours of testing. The system longevity allowed 
for long-term application of soluble factors to study their effects on adhesion strength. In 
addition, the 40 mm coverslip used for the spinning disc device was 15 mm larger than the 
current 25 mm coverslips that were micropatterned for use with the spinning disc device [42]. 
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The increased size allows for lower spinning speeds while still maintaining the highest shear 
stress tested in the literature, as well as an increased number of cells for testing and a wider range 
of shear stresses across the coverslip.  
 
2.2 Problem Statement 
Currently, there is no system available to test the adhesion strength of cells on different stiffness 
substrates using the spinning disc technology. In addition, the technology currently available to 
test adhesion strength using micropatterning has not been well explored and there is no high-
throughput method available on the market. There is a need for a system that can provide a 
measure of cell adhesion strength for different substrate stiffnesses so that physiological stiffness 
conditions can be replicated during adhesion strength testing. There is also a need for 
micropatterning larger coverslips for spinning disc testing so that an increased shear stress range 
can be tested with a sufficient number of cells available for imaging. 
 
2.3 Design Parameters and Constraints 
Design objective 
The design objective was to create a repeatable system of micropatterning circular areas 
40 mm in diameter on different stiffness substrates for use with a spinning disc device. To reach 
this design objective, several constraints and criteria were imposed: 
Constraints: 
• Center-to-center spot distance (pitch) that prevents cell bridging across spots (> 
75 μm) 
• Spot size smaller than 40 μm so cells maintain rounded morphology 
• Maintain cell survival in culture conditions for at least 24 hours 
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• Cell spot coverage before spinning greater than 75% 
• Pattern integrity maintained up to 150 dynes/cm2 of shear stress 
• Pattern transfer to coverslip exceeds 50% coverage 
Criteria 
• Minimize variability – less than 10% variability 
• Minimize materials waste – cost held to less than $7 per disc 
• Substrates of different stiffness can be patterned 
• Results can be automatically quantified 
 
2.4 Testing Flow Chart 
 
Design 
Stamp 
•40 mm in size 
•Less than 40 μm spot size 
•Spacing >75 μm 
Test 
Pattern 
transfer 
•Different weights 
•Different PDMS stiffness 
•Verify spot size 
Scale 
patterning 
to 40 mm 
•Track stamps –image the 
coverage 
•Quantify pattern transfer 
Transfer 
Pattern to 
Gels 
•Transfer conditions – 
plasma cleaned, 
temperature 
•Cell coverage 
•Spinning Disc 
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2.5 Stamp Design 
The adhesion area size was selected to enhance the hemispherical shape of the cell, while 
still allowing for focal adhesion formation. Endothelial cell average height and spread area were 
taken from previous lab research and used to calculate average cell volume. A hemispherical cell 
with a volume of 2100 µm3 has a diameter of 20.02 µm. We previously demonstrated that a 40 
µm cell diameter results in almost completely spread cells. Using this information, the upper 
bound of micropatterned spot diameter was selected as 30 µm, halfway between completely 
spread and hemispherical so that the cells were uniformly spread and still rounded above the 
coverslip surface. The lower bound was then placed at 10 µm to place the hemispherical 
condition in the center of the test diameters, allowing testing of different spread conditions. The 
range of spot sizes was then divided evenly into five different test conditions: 10, 15, 20, 25, and 
30 µm diameter spot sizes.  
The pitch (center-to-center distance between spots) was considered when designing the 
stamp pattern as cell bridging between spots would not provide an accurate measure of single cell 
adhesion strength. Cells seeded at a high density on micropatterned gels or coverslips can often 
clump together and branch across several spots, anchored by a cell that has adhered to the ligand 
spot. To study single cell adhesion strength without considering cell-to-cell adhesion forces, only 
distances greater than 75 µm were considered for the pitch of the stamp. Two pitches were chosen 
for the stamp designs: 100 and 150 µm. Both of these pitches are larger than the 75 µm required 
to avoid cell bridging across spots [24]. In previous unpatterned spinning disc research, 200,000 
cells were seeded onto a circular coverslip 40 mm in diameter for 15 minutes. This technique 
provides a maximum of 200,000 cells for study, assuming an ideal system in which all of the cells 
adhere to the coverslip in the 15 minute incubation period. A 100 µm pitch stamp on a 40 mm 
coverslip creates about 125,000 ligand spots for cells to adhere to compared to a 75 µm pitch, 
which provides about 225,000 spots. The 100 µm pitch still provided over 100,000 cells for 
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study, but increased the distance that the cells would have to branch to adhere across several 
spots. 
The design as illustrated in Figure 1 was first created in AutoCad; however the high spot 
density on the photolithography masks created a processing barrier. Design changes were 
challenging because of the limited computing power available. For this reason, the photomask 
was designed to the proper specifications and printed by JD-Photo Tools in the United Kingdom. 
One photomask was printed for each pitch (100 and 150 μm) and each pitch was printed with five 
different spot sizes on separate stamps (10, 15, 20, 25, and 30 μm diameter). The design was 
printed onto a transparency with a high-resolution printer to maintain the resolution of the 10 μm 
spots.  
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Figure 1. Stamp design schematic . The spot diameter was between 10 and 30 µm to maintain 
the rounded cell morphology while still providing enough area for the cells to attach. The pitch 
was either 100 or 150 μm to keep cells from bridging across the nonadhesive background. 
 
 
 
2.6 Micropatterning Methods 
2.6.1 Making the stamp molds 
 Once the stamp was designed and the photomasks were received from JD-Photo Tools, 
the molds were prepared to make the stamps. First, 6 cm x 6 cm glass substrates were cleaned 
using subsequential immersion in acetone, methanol, ethanol, and water to remove dust and dirt 
from the surface. Following cleaning, the glass was dried and then coated with SU-8 2025 
photoresist on a spin coater at 4000 rpm for 1 minute. The substrates were then baked at 65 °C for 
3 minutes and 105 °C for 15 minutes and allowed to cool.  
 
Diameter: 10 – 30 μm 
 
Pitch: 100 or 150 μm  
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 The SU-8 coated glass was exposed to UV light to pattern the SU-8. The printed 
photomask was laid on the surface of the coated glass substrate and exposed to 150 mJ/cm2 from 
the UV light for 3 minutes. The substrate was then baked again at 65 °C for 1 minute, and for 5 to 
6 minutes at 95 °C. The mold was developed in SU-8 developer with agitation for 4 minutes and 
rinsed with distilled water. Finally, the molds were baked a final time for 30 minutes, ramping up 
to 200 °C.  
2.6.2 Making the stamps 
 The molds were silanized prior to use so that the polydimethylsiloxane (PDMS) stamps 
would release easily from the mold. The molds were placed in a desiccator with 10 μL 
Tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane (TFOCS) for 30 minutes.  
 PDMS was made using the Dow Corning Sylgard 184 Silicone Kit with two parts: 
polymer and curing agent. The polymer and curing agent were mixed together in varying ratios 
by weight to change the stamp stiffness. The PDMS mixture was degassed under vacuum for 10 
minutes. PDMS was then poured into the silanized mold and degassed for an additional 10 
minutes. The stamps were then baked in an oven at temperatures dependent on the polymer 
concentration. The 10:1 polymer mixture was baked at 65 °C for 1 hour, while the 5:1 mixture 
was baked at 85 °C for 1 hour. After baking, the stamp was cut and carefully peeled from the 
mold and stored in a P60 dish until use.  
2.6.3 Stamping 
 The stamping “ink” was a solution of phosphate buffered saline (PBS) with 5 μg/mL 
tetramethylrhodamine bovine serum albumin (TMR-BSA, to visualize stamped areas) and 50 
μg/mL fibronectin (for cell adhesion). The solution was protected from light and was spread 
across the stamping surface, taking care that all of the posts were inked, for 45 minutes. Directly 
before stamping, while the solution was incubating on the stamp, the 40 mm coverslips were 
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plasma cleaned. The solution was then removed from the stamps, stamps were blown dry using 
compressed air, and then inverted onto the plasma-cleaned surface of the coverslip. The stamp 
was applied to the coverslip for 7 minutes before the stamp was removed.  
2.6.4 Imaging 
 The stamps and non-fluorescent cell were imaged using a phase contrast microscope, 
while the stamped substrates were imaged using a fluorescent microscope set to the 
Tetramethylrhodamine isothiocyanate (TRITC) fluorescence wavelength [547 – 572 nm].  
 
2.7 Micropatterning Design Procedure and Challenges 
2.7.1 Pattern Integrity 
 The stamps were first tested using the original parameters without modification. The 
stamps were cast in PDMS at 10:1 polymer to curing agent ratio from photoresist SU-8 molds 
created using photolithography techniques. The stamping was tested without any applied weight 
to aid conformal contact. The pattern transfer from these initial experiments was poor as imaged 
using fluorescent TMR-BSA with the protein (Figure 2). The limits in pattern transfer were 
attributed to poor contact between the posts and substrate. Applying a light pressure with 
fingertips did increase pattern transfer to the coverslip, but the transfer was inconsistent across the 
coverslip and between the different samples that were stamped.  
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To meet the design criteria of repeatable coverage, a more consistent patterning method 
was devised. Weights were added to the stamp to provided repeatable results. Weights greater 
than 150 grams did not provide any pattern transfer to the substrate. The heavy weight caused 
stamp deformation that transferred protein to the entire coverslip, rather than in the desired 
pattern. Three 15-gram weights spread across the back of the stamp also did not provide any 
pattern transfer to the substrate. Adding 15, 30, and 45-gram weights in the center of the stamp all 
provided some level of pattern transfer. Qualitatively, the 45-gram weight provided the most 
pattern transfer. Weight above 45 grams began to collapse the stamp posts, and even at 45 grams 
there was some post collapse around the stamp edge. 
Figure 2. Stamping with low pattern transfer. Stamping without any added weights using a 
10:1 PDMS stamp resulted in poor patterning across the stamped area. The pattern was 
visualized using fluorescent TMR-BSA with the patterned protein. The scale bar represents 200 
μm. 
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2.7.2 Lateral collapse of posts 
Lateral collapse of stamp posts during stamping has been described in the literature as a 
problem with micropatterning large areas with PDMS stamps [46].  Stamp collapse was 
addressed in two ways: varying the weight applied (previous section) and changing the stamp 
composition. Stamp composition was changed by varying the ratio of PDMS polymer to curing 
agent. Additional curing agent increases the stamp stiffness due to increased polymer 
crosslinking, as does increasing curing time and temperature. The two ratios employed for testing 
were 10:1 and 5:1. According to the literature, a stamp made with a 10:1 polymer to curing agent 
ratio has a Young’s modulus of 2.66 MPa when cured at 65 °C for 12 hours, while a 5:1 ratio 
PDMS block has a Young’s modulus of 3.59 MPa [47]. Lowering the ratio from 10:1 to 5:1 
created a stiffer stamp that showed less post collapse (Figure 3) because the stiffer posts better 
supported the weight applied. The combination of a stiff stamp and 45-gram weight increased 
pattern integrity to provide the best quality pattern transfer.  
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Figure 3. Comparison of different stiffness PDMS stamps. The stiffer 5:1 PDMS stamp (A) 
had less post collapse and variability in spot size and shape than the 10:1 PDMS stamp (B), which 
had some post collapse, as highlighted in red, and more variable spot size. The scale bar 
represents 200 μm. 
 
 
 
2.7.3 Inconsistent pattern transfer 
 Another challenge in stamping such a large surface area with PDMS stamps was 
inconsistent pattern transfer. Stamping greater than 25 mm circles had not been reported 
previously in the literature, and several articles cited the challenges of large stamps because of  
stamp roof sagging and lateral post collapse [46]. The problems with the stamps manifested 
visually as uneven, inconsistent coverslip patterning. During initial testing, multiple stamps were 
inked, incubated, and used without monitoring which stamp produced which pattern. The pattern 
was imaged across the entire coverslip, and the images were quantified to find a percent 
coverage. Portions of the coverslips had coverage that ran from the center to the edge, as seen in 
Figure 4.  
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Figure 4. Imaging pattern transfer across a 40 mm coverslip. Pattern transfer across the entire 
coverslip was imaged using a custom grid to ensure that all of the coverslip was imaged. The 
figure shows a region of the stamped coverslip where some patterning was observed from the 
center to the edge of the coverslip. 
 
 
 
2.7.4 Automatic quantification – pattern transfer 
 Pattern transfer images were quantified using a custom Matlab program to automatically 
quantify micropatterning results. The program subtracted image background and removed any 
large spots with an area greater than the expected spot size. The spots remaining were then 
 
 
40 mm coverslip 
20 mm 
radius 
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quantified to find a percent pattern transfer by using the number of expected spots (Figure 5). The 
Matlab quantification results for each stamp are summarized in Table 3.  
 
 
 
Figure 5. Matlab processing of cell coverage images. The Matlab program takes an original 
image as seen in A, subtracts the background and coverts the image to black and white as seen in 
B. The spots on the image are dilated to merge unpatterned spots to aid in background and debris 
(C), and the spots are counted and marked with a blue star in the centroid after counting (D). The 
image displayed was quantified as 86% patterned. 
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Table 3. Pattern transfer quantification for each stamp. The pattern transfer to the coverslip 
was tested twice to determine if the patterning was repeatable. Duplicates of stamping that had 
similar patterning to day one, where day one results were < 30% coverage was not quantified the 
second day. The stamping at the edge was noted since it was a requirement for the spinning disc.  
Stamp 1 2 3 4 5 6 7 8 
Replicate 1 22% 58% 28% 14% 7% 43% 54% 45% 
Replicate 2 N/A 59% N/A N/A N/A 44% 52% 56% 
Average <30% 58.5% <30% <30% <30% 43.5% 53% 50.5% 
Patterned 
Edge? 
Yes Yes Yes Yes Yes Some Yes Yes 
Considered 
for use? 
No Yes No No No No Yes Yes 
 
 
 
 
All seven stamps produced similar patterning across two replicates. Two stamps 
produced greater than 50% pattern coverage and had patterned areas from the coverslip center to 
the edge. The pattern must be present from the center to the edge of the disc so that there are cells 
in each ring for spinning disc analysis. One of the stamps had pattern in the center and then 
patches across the remaining rings in different areas of the coverslip, while the other stamp had 
pattern localized to one section from the center to the edge. The patterning was not greater than 
80% on any of the coverslips, but met the design criteria of repeatable patterning across different 
stamped replicates.  
2.7.5 Inconsistent post height 
Since stamping was repeatable, I next investigated the cause of the uneven patterning. 
Posts in areas with poor pattern transfer were compared to posts in areas with repeatable pattern 
transfer (Figure 6). Imaging showed that the problem with pattern transfer was uneven post height 
on the stamp, causing some posts to reach the coverslip, while others could not. The short, 
rounded posts likely formed during 
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Figure 6. Images of different stamp post heights. While some sets of posts (A) had even height 
and flat tops to produce clear stamped results, some (B) were shortened and rounded on the ends, 
giving unreliable spot size and uneven patterning across the disc. 
 
 
stamp casting. Mold silanization provides a non-stick silane layer on the SU-8 mold, and if the 
silane molecule layer is not present on every surface or has worn off, the PDMS can stick in the 
mold. This would affect future castings made from that mold, potentially leading to shorter posts. 
These posts were not long enough to reach the coverslip surface and transfer the pattern, or if they 
did reach the surface they did not provide the correct size spot. The rounded tip created a smaller 
diameter spot than a flat surface that fully contacted the surface. Without creating a new mold for 
each stamp that was cast, which would not meet the design criteria of minimizing materials 
waste, the stamps that provided 50% coverage in the necessary areas were used to continue 
testing. 
2.7.6 Quantifying spot size 
 The uneven post height and shapes could have created differences in spot size that had to 
be quantified. To find the average spot size and determine if the design constraint of stamping 
spots with a diameter less than 40 μm was met, micropatterned spots from a stamp that should 
have 30 μm diameter spots were imaged at 10X magnification. The imaging also allowed for a 
test of the design criteria of reproducible patterning. A Matlab program was written to quantify 
the area of each spot in an image (Figure 7). The average spot size was about 10 μm less than 
expected,  
A B 
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Figure 7. Average spot size across a coverslip. The graphs display the average spot size that 
was stamped by a 30 μm diameter stamp imaged at 10X magnification and quantified using a 
custom Matlab program.  
 
 
however the size was less than 40 μm, indicating that the design constraint of less than 40 μm 
diameter spots was met. The standard deviation within images was up to ±10 μm; however not 
even the largest spots reached a 40 μm diameter spot size. When all images were averaged 
(Figure 7, Average Spot Size) the data show a tightly controlled standard deviation around ±3 μm 
and the average diameter is around 18 μm, well below the prescribed 40 μm. From these data, I 
concluded that the cells would maintain a rounded morphology when adhered to the patterned 
area.  
 
2.8 Polyacrylamide Gel Methods 
2.8.1 Making polyacrylamide gels 
 Glass coverslips were activated for gel adhesion by incubating the coverslips with 0.1 M 
sodium hydroxide (NaOH) for 3 minutes. The NaOH was removed and replaced with (3-
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aminopropyl)trimethoxysilane (3-APTMS) for 3 minutes. The 3-APTMS was removed and the 
coverslips were washed thoroughly with distilled water. A 55 kPa gel solution was created 
containing 10% acrylamide and 0.3% bis-acrylamide. The remaining methodology was dependent 
on the patterning method. Three different methods of patterning were used. 
2.8.2 Three methods to stamp polyacrylamide gels  
Hydrophobic top coverslips were created by swabbing a coverslip with Surfasil 
Siliconizing Fluid and incubating for 30 seconds. The coverslip was then dried with a Kimwipe 
and heated at 75 °C for 15 minutes. 0.3% N,N,N´,N´-tetramethylethylenediamine (TEMED) and 
1% ammonium persulfate (APS) was added to the acrylamide solution to crosslink the acrylamide 
and bis-acrylamide. The crosslinking polyacrylamide solution was quickly pipetted onto the 
activated coverslip and a hydrophobic top coverslip was inverted onto the gel surface. After the 
gel was polymerized (around 10 minutes), the top coverslip was removed and the gel was stored 
in 50 mM HEPES. Sulfo-SANPAH (0.45 μg/mL) in 10% dimethyl sulfoxide (DMSO) and 50 
mM HEPES buffer was pipetted onto the gel surface and exposed to UV light for 10 minutes 
before rinsing in 50 mM HEPES. Gels were stamped as previously described. The stamped gels 
were stored in PBS prior to fluorescent imaging.  
Top coverslips were micropatterned as previously described. The micropatterned 
coverslip was inverted onto the surface of a polymerizing gel. The coverslip was removed and the 
gel was stored in PBS prior to imaging.  
As an alternative to Sulfo-SANPAH mediated adhesion, a streptavidin-biotin system was 
used to micropattern gels. 5% streptavidin acrylamide was added to the acrylamide and bis-
acrylamide solution prior to polymerization.  Fibronectin was biotinylated at either 1 or 2 mg/mL 
using the EZ-Link Sulfo-NHS-Biotinylation kit (Thermo Scientific).  10 mg/mL biotin in DMSO 
was added to the fibronectin and incubated on a shaker at room temperature for 1 hour before 
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aliquoting and storing at -20 °C. The biotinylated fibronectin used to micropattern the coverslip 
that was inverted onto the polymerizing gel, as previously described 
2.8.3 Cell culture  
 Porcine aortic endothelial cells (PAEC) were used for all experiments. The cells were 
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with 1% penicillin, streptomycin, 
and glutamine and 5% fetal bovine serum (FBS) at 37 °C and 5% CO2. The cells were maintained 
from passage 5 to 9 for experiments and were provided new media every 2 days. Cells were 
passaged when they reached confluence using 0.025% Trypsin-EDTA. 
 PAEC were seeded onto the micropatterned polyacrylamide gels at 100,000 cell/cm2 and 
incubated at 37°C and 5% CO2 for 30 minutes. Unattached cells were removed, fresh DMEM was 
added, and gels were incubated at 37 °C and 5% CO2. The cell nuclei were then labeled with 
Hoescht (1:2000 in DMEM) for 5 minutes, washed, and imaged by fluorescent microscopy 
(361/486 nm ex/em). 
 Cell viability on micropatterned polyacrylamide gels was determined using a 
LIVE/DEAD assay. Ethidium homodimer-1 (0.2%) and calcein-AM (1 mg/mL) was added to 
PBS. Live cells are labeled by the green fluorescent calcein-AM that indicates intracellular 
esterase activity, while dead cells are labeled by the red fluorescent ethidium homodimer-1 that 
penetrates the plasma membrane following membrane integrity loss. Samples were washed in 
PBS and incubated with the labeling solution for 30 minutes at 37 °C and 5% CO2. Samples were 
then washed in PBS and imaged by fluorescent microscopy. 
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2.9 Polyacrylamide Gel Design Procedure and Challenges 
2.9.1 Polyacrylamide gel micropatterning 
 Three different methods of micropatterning polyacrylamide gels were tested. The first gel 
patterning method was to functionalize the gel surface using sulfo-SANPAH, which conjugates 
extracellular matrix proteins to hydrogels. The stamp was then used to directly micropattern the 
polyacrylamide gel surface (Figure 8A), however there were large imperfections. The weight 
placed on the gel was selected so that the stamp roof did not contact the gel (Figure 8B). The 
results were inconsistent from gel to gel even with the same applied weight.  
 
 
Figure 8. Stamping on polyacrylamide gels after polymerization. The polyacrylamide gels 
were stamped directly with the PDMS stamps after activating the surface with sulfo-SANPAH. 
The results were not clear. (A) There is spreading of the fibronectin and fluorescent BSA because 
of the wet surface of the polyacrylamide gel. (B) The stamp had some roof collapse despite using 
the amount of weight that had been previously tested.  
 
 
In the second method, a plasma cleaned coverslip was patterned with the PDMS stamp and then 
that coverslip was used as the top coverslip when polymerizing the gel. As the gel polymerized, 
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the fibronectin was incorporated onto the gel surface. This had previously been shown to be a 
viable method of microcontact printing gels [48]. Polymerization was tested at both room 
temperature and 37 °C (Figure 9). 
 
 
 
Figure 9. Comparison of pattern transfer at different polymerization temperatures. Gels 
were polymerized using a stamped top coverslip to transfer the pattern to the gel surface. The gels 
were polymerized at room temperature (A) and 37 °C (B).  
 
 
The pattern was transferred to both gels with good pattern integrity because stamp roof collapse 
was avoided by stamping on the top coverslip. At 37 °C, the pattern transfer was more clear and 
consistent across the coverslip, the spot size was more similar, and the spot intensity was better 
maintained. However, this patterning process was not repeatable. While Figure 9 shows 
successfully patterned gels, other attempts yielded completely unpatterned gels. 
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 Finally, biotinylated fibronectin was patterned on a streptavidin-functionalized 
polyacrylamide gel [49]. Biotinylated fibronectin was incubated on a streptavidin functionalized 
gel, with a non-biotinylated fibronectin on a streptavidin functionalized gel as the control. Cells 
were seeded on both sets of polyacrylamide gels (Figure 10). The cells seeded on gels without 
biotinylated fibronectin were still able to attach, showing that fibronectin can adhere to a 
streptavidin gel without biotinylation. However, only cells seeded on gels with biotinylated 
fibronectin were fully spread. 
 
 
 
Figure 10. Biotinylated fibronectin on streptavidin gels. Fibronectin biotinylation was tested 
by comparing cells seeded on gels with streptavidin that had been incubated with fibronectin that 
had not been biotinylated (A) to fibronectin that had been biotinylated (B).  
 
 
2.9.2 Pattern integrity during transfer to polyacrylamide gels 
 Pattern transfer to gels of different stiffness was tested to determine if stiffness impacted 
transfer quality. Acrylamide and bis-acrylamide were combined in varied ratios (Table 4) to 
A B 
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create different stiffness gels that were within a physiological stiffness range. While pattern 
transfer to 20 and 55 kPA gels was successful, the pattern was not successfully transferred to 
softer gels. Polyacrylamide gel deformation likely occurred when the top coverslip was removed  
 
Table 4. Acrylamide and bis-acrylamide concentrations for polyacrylamide gels. Different 
percentages of acrylamide, bis-acrylamide and water created different stiffness polyacrylamide 
gels that provided different substrate stiffnesses [50]. 
Gel 
Stiffness 
(kPa) 
Acrylamide 
(%) 
Bis-
Acrylamide 
(%) 
40% 
Acrylamide 
(mL) 
2% Bis-
Acrylamide 
(mL) 
Distilled H2O 
(mL) 
2 4 0.10 1 0.5 8.5 
11 10 0.10 2.5 0.5 7 
20 8 0.264 2 1.32 6.68 
55 10 0.60 2.5 3 4.5 
 
 
following gel polymerization, which caused pattern irregularities (Figure 11).  
 
 
 
 
Figure 11. Pattern transfer to different stiffness gels. Pattern transfer to 2 kPa gels (A) was 
inconsistent and variable due to gel stretching surface upon coverslip removal following gel 
polymerization. Patten transfer to the 11 kPa gels (B) was less variable and deformed less than the 2 
kPa gels, but still showed some inconsistencies in spot shape and size. The 20 kPa gels (C) 
provided the most reliable pattern transfer to the gel surface because the gel deformed least upon 
patterned coverslip removal. 
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Moving forward, the 55 kPa gels were used for testing, with 20 kPa gels available once the 
system was validated.  
2.9.3 Cell coverage quantification 
 Cell coverage of the patterned gels was quantified to determine how many cells were 
available for spinning disc testing. Cell coverage was quantified by comparing the number of 
micropatterned spots to the number of adhered cells. The process was automated in Matlab as per 
the design criteria. First, debris and background were removed from the images using a Gaussian 
filter and unsharp mask. The nuclei images were converted to black and white (im2bw after 
graythresh). Nuclei around the image edge were discarded using imclearborder because Matlab 
cannot distinguish nuclei near the image white border. Nuclei that were smaller than the expected 
size were assumed to be debris and removed using bwareaopen. The remaining nuclei were 
dilated 50% using imdilate to merge multiple nuclei on a single micropatterned spot so that 
multiple cells adhered to one spot were only counted once.  Finally, the number of spots was 
counted using the same methodology as for the nuclei (Gaussian filter, unsharp mask, im2bw after 
graythresh, imclearborder, bwareaopen, imdilate 50%). The Matlab image processing results are 
seen in Figure 12.  
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The locations of both micropatterned spots and nuclei were determined by overlaying the 
micropattern and nuclei images. This created an image in which co-located micropatterned spots 
and nuclei were designated as 1. The new image was then used to count the number of co-located 
micropatterned spots and nuclei.  The number of micropatterned spots with a co-located cell 
Figure 12. Matlab image processing results. The original nuclei image (A) was processed 
through Matlab to remove background and merge multiple nuclei (B). The original 
micropatterned spot image (C) was processed in a similar manner to remove background and 
enlarge the spots (D). 
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nucleus was divided by the total number of spots, resulting in the percent coverage for each 
image. The program was looped to process multiple images at once. An aligned image with 91% 
cell coverage is shown in Figure 13. 
 
 
 
Figure 13. Cell coverage quantification image results from Matlab. The merged image of the 
spots and nuclei (A) shows spots in gray and nuclei in white. The spots that did not line up with 
nuclei were then removed (B) and counted. The result of 91% is representative of the results seen 
in the merged original images (C) where the spots are shown in red and the nuclei are green.  
 
 
 
2.9.4 Varying cell seeding density 
 Different cell seeding densities were tested to maximize cell coverage of the patterned 
gel. The imposed design constraint was that at least 75% of micropatterned spots should be 
covered with cells to allow enough cells for accurate spinning disc analysis. Cells were seeded at 
low densities of 25,000, 50,000, and 55,000 cells/cm2. The densities were selected based on both 
the cell seeding density used by Gallant, et al, and typical seeding density used in the Vascular 
Kinetics laboratory for micropatterned surfaces [24]. There was no change in pattern coverage at 
these three seeding densities (Figure 14). In all cases,   
A B C 
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Figure 14. Comparison of cell seeding densities. The percentage cell coverage was not 
significantly different across the different cell seeding densities, but the percentage of single cell 
coverage was significantly higher than the multiple cell coverage of the spots present. The 
average and standard deviation are representative of multiple images taken of one replicate. 
 
 
single cells were more prevalent than multiple cells; however a maximum of 60% of the coverslip 
was covered, which did not meet the design constraint of 75% coverage. 
 Higher cell seeding densities (75,000 – 100,000 cells/cm2) were then tested to try to 
achieve at least 75% coverage with cells.   100,000 cells/cm2 increased cell pattern coverage in 
one replicate but not the other (Figure 15,). Unfortunately, higher cell seeding densities produced 
more multiple cell coverage, which was undesirable single cells are needed for accurate adhesion 
strength measurements. 
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Figure 15. Comparison of higher cell seeding densities. The percent coverage at 100,000 
cells/cm2 (the second replicate) seeding density was significantly higher than the other densities, 
however it was also significantly higher than the first replicate of the same cell seeding density. 
The difference in single and multiple cell coverage for each cell seeding density was greatly 
reduced when compared to the lower cell seeding densities. 
 
 
After much consideration, 100,000 cells/cm2 was chosen despite the multiple cells because it was 
the only cell seeding density that produced coverage greater than 75%.  
2.9.5 Cell viability 
 An important design constraint was that cells must survive 24 hours after 
micropatterning. To test cell survival, cells were seeded on micropatterned gels and incubated in 
supplemented medium for 24 hours. After this time, attached cells were imaged by phase contrast 
microscopy. Cells that remained adhered to the gel after 24 hours were deemed viable (Figure 
16A). In addition, a LIVE/DEAD assay was performed on micropatterned cells adhered to a 
polyacrylamide gel. The results showed that the adhered cells were 100% alive, as no dead cells 
were found through imaging (Figure 16B). Cells adhered to a micropatterned polyacrylamide gel 
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survived for at least 24 hours in culture, thereby meeting the design constraint for cell viability. 
 
 
 
Figure 16. Cells remained viable after 24 hours of culture. A) Cells remained adhered to the 
gels after 24 hours (phase contrast microscopy), and B) most cells were labeled with the calcein, 
indicating that they are viable (image used with permission from Rebecca Urbano). 
 
 
2.10 Spinning Disc Methods 
2.10.1 Spinning disc setup 
 The polyacrylamide gel with micropatterned cells was fastened to the spinning disc 
device by vacuum and submerged in warm PBS. The disc shaft was attached to a motor, which 
was controlled through an R256 controller connected to a computer. Speed was increased to 
expose the cells to a maximum shear stress of 150 dynes/cm2 for 5 minutes (915 rpm). After 
spinning, the vacuum seal was broken and the patterned cells were labeled with Hoescht (1:2000) 
for 5 minutes. The cells were rinsed with PBS, fixed for 20 minutes in 4% paraformaldehyde, and 
imaged by fluorescence microscopy.  
A B 
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2.10.2 Matlab analysis for spinning disc results 
 Spinning disc quantification was automated using Matlab to meet the design criteria. 
Adhered cells were analyzed across eight concentric rings (via an imaging mask seen in Figure 
17) as previously described in the cell coverage section. Percent coverage for five images from 
each ring were averaged, and the mean value for each ring was normalized to the center ring (zero 
shear stress condition). The normalized values +/- standard deviation were plotted as percent 
remaining cells versus applied shear stress. This graph was fit with a sigmoid curve using the 
following equation: 
𝑓 =  𝑓0
1+exp [𝑏(𝜏−𝜏50)]      (1) 
where f is the experimental fraction of attached cells and τ is the corresponding shear stress, while 
f0, b, and τ50 are the fitted variables [51]. The variable τ50 corresponds to the cell adhesion 
strength. This location was marked with a red “x”, and a line was drawn to the x-axis. 
 
 
 
Figure 17. Spinning disc imaging mask. The original mask used to image a coverslip after 
spinning on the spinning disc device. Three images were taken from each ring and in original 
spinning disc applications, the number of cells was quantified and fit with a sigmoid curve across 
the rings. 
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2.11 Spinning Disc Procedure and Challenges 
Cell adhesion strength was similar across the different gels (Figure 18), although the variability 
within the rings was high. The cell adhesion strength averaged 100 dynes/cm2, which is within 
6% of the cell adhesion strength recorded for endothelial cells on native collagen [21]. In some 
cases, the sigmoid curve was poorly formed or did not have a well formed toe region (Figure 20). 
The cumulative results of four days of testing are shown in Figure 20. The adhesion strengths are 
within 10 dynes/cm2 across the different experiments.  
 
 
Figure 18. Micropatterned spinning disc results. The first test of spinning cell seeded 
micropatterned gels resulted in three sigmoid curves; however the variability within the rings was 
extremely high. The adhesion strength was similar for all three coverslips. 
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Figure 19. Poorly fit micropatterned spinning disc results. The second set of micropatterned 
55 kPa gels did not have the sigmoidal shape desired, although the adhesion strength found in A 
was similar to previous results. The results in B were more sigmoidal than A, but the curve did 
not have a toe region. 
 
 
 
 
Figure 20. Summary of spinning disc results. Testing of the patterned gels was repeated across 
several days and the results were not consistent. The variability of most of the samples would not 
allow for statistical significance to prove a difference in treatment conditions. 
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2.12 Conclusions and Future Work 
 The spinning disc device was previously used to measure cell adhesion strength without 
micropatterning the cells. In this process, cells only made initial contacts with the surface for a 
short time before being tested for adhesion strength. To create a system that allowed longer cell 
adhesion, the cells had to maintain a spherical morphology using a micropatterning technique 
[24]. This technique was adapted here to include a larger size coverslip and incorporate 
polyacrylamide gels of physiological stiffness. The results of the new system testing are 
summarized in Table 5. 
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Table 5. Summary of Accomplished Results. Design criteria and constraints were summarized 
to determine which were met and unmet. 
Criteria / Constraint Met? Method of Testing 
Center-to-center spot distance 
(pitch) that prevents cell 
bridging across spots (> 75 
μm) 
Yes 
Designed using CAD by JD-
photo tools – 100 and 150 μm 
pitch 
Spot size smaller than 40 μm 
so cells maintain rounded 
morphology 
Yes Spots were measured using a Matlab program –  ~20 μm 
spot size confirmed 
Maintain cell survival in 
culture conditions for at least 
24 hours 
Yes LIVE/DEAD assay for 24 hours confirmed living cells 
Cell spot coverage before 
spinning greater than 75% No 
Coverage quantified using 
Matlab, sometimes greater than 
75%, however results were 
inconsistent 
Pattern integrity maintained up 
to 150 dynes/cm2 of shear 
stress 
Yes Pattern remained for quantification after spinning 
Pattern transfer to coverslip 
exceeds 50% coverage Yes 
Quantified using Matlab – 
stamps used exceeded 50% 
coverslip coverage 
Minimize variability – less 
than 10% variability No 
Patterning and cell coverage 
were quantified using Matlab – 
results had variability greater 
than 10% each time 
Minimize materials waste – 
cost held to less than $7 per 
disc 
Yes Price was calculated – cost is roughly $5 per disc 
Substrates of different stiffness 
can be patterned Yes 
Biotinylated fibronectin was 
transferred to polyacrylamide 
gels – gels of 2, 11, and 20 kPa 
stiffness were patterned 
Results can be automatically 
quantified Yes 
Results were quantified using 
Matlab programming – all 
programs were run 
automatically 
 
 
 In the future, the system could be modified to improve spinning disc results. Stamp molds 
would be re-fabricated to create PDMS stamp posts of even heights. This would increase pattern 
transfer to the coverslip. The height of the polyacrylamide gels was a failure of the system that 
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created a disruption in the hydrodynamic flow of the spinning disc apparatus. Evening the height 
of the polyacrylamide gels would be an improvement to the system. These flat gels could be 
created with an extremely thin removable gasket. The gasket could be placed between the 
activated and stamped coverslip during gel polymerization to ensure that the coverslips were 
equally separated. After polymerization this gasket could be removed to produce a level gel. The 
last improvement would be to increase the number of micropatterned spots with single rather than 
multiple cells adhered. A possible method would involve multiple seedings of low cell densities 
to help single cells adhere to uncovered spots. If these three main improvements could be 
accomplished, the system would be more successful.  
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3. TRACTION FORCE MICROSCOPY ON SINGLE CELLS 
3.1 Introduction 
 This chapter describes traction force measurements of single endothelial cells on 
substrates of different stiffness exposed to the inflammatory cytokine tumor necrosis factor-α 
(TNF-α). While cells in the body are usually present in a monolayer, most studies of cell response 
to substrates of varied stiffness and most traction force microscopy experiments were performed 
on single cells. Thus single cell traction force measurements in response to substrate stiffness 
serve as a proof of concept for implementing traction force microscopy for the first time. The 
TNF-α results were used to duplicate studies showing increased traction force with TNF-α 
treatment with porcine aortic endothelial cells. These experiments also expand the current 
knowledge by testing the effects of TNF-α treatment on cells seeded on substrates of different 
stiffness. This chapter builds off single cell adhesion force experiments in Chapter 2 and provides 
a foundation for the cell monolayer traction force experiments in Chapter 4. 
3.1.1 Traction Force 
 Traction force microscopy (TFM) measures the pulling force applied by a cell on a 
surface without any applied external mechanical force [52]. In TFM, cells are seeded on soft 
substrates with embedded microbeads. Cells pull on the substrate and displace the beads. The 
beads are then imaged with the cells attached and removed, and bead displacement is used along 
with substrate stiffness to calculate the force applied by the cell on the substrate. Cells measured 
by traction force microscopy are not responding to an externally applied force as is the case with 
optical tweezers or micropipette techniques. The traction force measured is therefore an 
indication of the “resting” force exerted by the cell on the substrate. Any change in traction force 
results from an intrinsic cell response to the stimulus, rather than a response to the mechanical 
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test [53]. TFM is therefore the ideal technique to measure the effect of soluble factors such as 
cytokines on cell-substrate mechanical interactions [33]. 
3.1.2 Substrate Stiffness Effect 
 Traction forces increase with substrate stiffness. Increasing the substrate stiffness from 1 
to 10 kPa nearly doubled single bovine aortic endothelial cell traction forces [36]. In another 
study, human pulmonary artery endothelial cells were seeded on substrates ranging from 2 to 6 
kPa. Both traction forces and focal adhesions were examined [54]. Average focal adhesion area 
increased linearly with substrate stiffness, which suggests that cells increase the pulling force on 
stiffer substrates by increasing contact area [54].  
3.1.3 Tumor Necrosis Factor-α 
 TFM has previously been used to measure differences in traction force with TNF-α 
treatment. Stroka et al. studied differences in traction force, cell volume, aspect ratio, and cell 
stiffness 8 and 24 hours after treatment of HUVECs with 25 ng/mL TNF-α on 5 kPa 
polyacrylamide gels [17]. Interestingly, atomic force microscopy (AFM) measurements showed 
that cells softened to about half of their original stiffness after 24 hours TNF-α treatment, while 
TFM showed a 2.5 fold increase in traction force. The traction force increase was accompanied 
by a two-thirds reduction in focal adhesion density, with the majority of focal adhesions 
elongated and aligned along the cell major axis, as well as an increase in cell volume [17].  These 
data suggest that both cell morphology and biomechanics change in response to TNF-α. However, 
cell response to TNF-α has not yet been measured on substrates of different stiffness. I 
hypothesize that TNF-α treatment will increase traction force exerted by single cells, and 
different substrate stiffnesses will change the temporal response of cells to TNF-α. 
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3.2 Methods 
3.2.1 Cell culture  
 Porcine aortic endothelial cells (PAEC) were used for all experiments. Cells were 
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with 1% penicillin, streptomycin, 
and glutamine and 5% fetal bovine serum (FBS). The cells were maintained from passage 5 to 9 
at 37°C and 5% CO2 and were provided fresh medium every 2 days. Cells were passaged when 
they reached confluence using 0.025% Trypsin-EDTA. 
3.2.2 Traction force microscopy  
For TFM, a polyacrylamide (PA) gel was made with incorporated fluorescent beads for 
tracking substrate displacement. Glass coverslips were activated for gel adhesion by incubating 
the coverslips with 0.1 M sodium hydroxide (NaOH) for 3 minutes. The NaOH was removed and 
replaced with (3-aminopropyl)trimethoxysilane (3-APTMS) for 3 minutes. The 3-APTMS was 
removed and the coverslips were washed thoroughly with distilled water. The PA gel solution to 
achieve the desired gel stiffness was created using the reagent concentrations specified in Table 6. 
Top coverslips were made hydrophobic by incubating them for 30 seconds with Surfasil 
Siliconizing Fluid. The coverslip was then wiped and heated at 75°C for 15 minutes. 0.2 µm 
fluorescent beads were diluted 1:100 (concentration determined using the following experiments), 
sonicated for 15 minutes, and then incubated on the hydrophobic top coverslip for 7 minutes. The 
beads were gently removed from the coverslip before use. 0.3% N,N,N´,N´-
tetramethylethylenediamine (TEMED) and 1% ammonium persulfate (APS) were added to the 
gel solution to crosslink the acrylamide and bis-acrylamide. The crosslinking polyacrylamide 
solution was quickly pipetted onto the activated coverslip and a hydrophobic, beaded top 
coverslip was inverted onto the gel surface. After the gel was polymerized (around 10 minutes), 
the top coverslip was removed and the gel was stored in 50 mM HEPES at 4°C until use.  
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Table 6. Acrylamide and bis-acrylamide concentrations for polyacrylamide gels. Different 
percentages of acrylamide, bis-acrylamide and water were used to create different stiffness 
polyacrylamide gels [50]. 
Gel 
Stiffness 
(kPa) 
Acrylamide 
(%) 
Bis-
Acrylamide 
(%) 
40% 
Acrylamide 
(mL) 
2% Bis-
Acrylamide 
(mL) 
Distilled H2O 
(mL) 
2 4 0.10 1 0.5 8.5 
6 7.5 0.05 1.875 0.25 7.875 
11 10 0.10 2.5 0.5 7 
20 8 0.264 2 1.32 6.68 
 
 
3.2.3 TFM Force Calculations 
In 1999, Dr. Micah Dembo of Boston University created TFM software to convert cell-
induced bead movement within elastic substrates to cell traction force [33]. At the time, traction 
force was calculated by measuring wrinkles formed due to cellular traction forces on elastic 
substrata. However, Dembo achieved better spatial resolution by measuring bead movement in 
the elastic substrates with and without cells[33]. In the LIBTRC 2.4 software developed by Dr. 
Dembo, bead location is correlated between the stressed and null images using their intensity, 
shape, size and location.  The displacement of a particular bead between the null and stressed 
image is transformed into a traction force value at that location [33]. Bead displacement is 
calculated via the following equation: 
𝑑𝑝𝛼 =  ��𝑔𝛽𝛼(𝑚𝑝 − 𝑟)𝑇𝛽(𝑟)𝑑𝑟1𝑑𝑟2 
where d is the bead displacement; g(m-r) represents a Green’s tensor, which relates a point force 
to a field displacement; T is the tangent projection of the traction force; α and β are directions; 
and r is location [33]. This displacement is automatically quantified to output displacement 
vectors. These displacement vectors are then converted to stress vectors using the substrate 
stiffness, thickness, and bead depth. Once the displacement vectors have been converted to stress 
vectors, the force in any given area can be found using the following equation:  
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where F is the traction force and the T values are the stress vectors [36]. The x and y components 
of the force, or the T values, have both direction and magnitude. However, when the overall force 
is calculated, the results are squared, which provides a final force that has a magnitude without 
directionality. These data are often reported as traction force or traction stress, which can be 
calculated by dividing the traction force by the cell area. Larger cells produce more traction force, 
so normalizing by cell area allows for comparisons among different size cells [36]. Values 
reported here are measures of the magnitude of the integrated force and disregard the 
directionality of the vector. 
3.2.4 TFM Bead Concentration 
 To show repeatable, significant results, the bead images captured for traction force 
microscopy must be clear and easily captured. This means that the bead concentration and gel 
production method must be carefully selected to ensure even bead distribution. The appropriate 
bead dilution was first determined to find a bead density that could be clearly imaged and 
analyzed. 1:100, 1:500, and 1:1000 bead dilutions were incubated on a hydrophobic top coverslip 
and the residual liquid was tilted off of the coverslip after 7 minutes. Both the 1:500 and 1:1000 
dilutions did not provide enough beads per image for tracking at 20X magnification (Figure 21). 
The lowest bead dilution (1:100) yielded enough beads; however bead clumps prevented accurate 
bead tracking. 
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Figure 21. 1:100 bead dilution yielded enough beads for analysis, but bead clumping was a 
problem. Beads were diluted 1:100 (A), 1:500 (B), and 1:1000 (C) and incubated on hydrophobic 
coverslips for 7 minutes before removing the excess liquid and imaging at 20X. Scale bar 
represents 60 μm. 
 
 
 To achieve consistent, even bead distribution within the gel, a repeatable method for 
removing excess liquid from the hydrophobic coverslip was tested. The 1:100 sonicated bead 
solution was either pipetted off the coverslip after incubation, or the excess liquid was tapped off 
the coverslip on a Kimwipe. Both methods produced only 20% (1 out of 5) usable beaded gels. 
However, the pipetting method would have produced two additional usable gels if the bead 
concentration were lower (Figure 22). I therefore tried  a lower bead concentration (1:250) to 
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Figure 22. Early results suggest that pipetting off excess beads would produce a more even 
bead distribution. Two different techniques were compared for adding beads to the gels. 
Tapping (A) did not leave many beads behind on the gel. Pipetting off the excess liquid (B) 
produced one usable coverslip, but would have been more effective with a lower bead 
concentration to reduce the clumping (C). Scale bar represents 60 μm. 
 
 
decrease bead clumping in the gel. In this experiment, pipetting off the gel solution was compared 
to tilting the excess liquid off of the coverslip rather than tapping. I expected the gentler process 
would increase the number of beads that remained on the coverslip. Pipetting and tilting yielded 
similar high success rates of 100% (6 out of 6) and 83% (5 out of 6), respectively. A replicate 
experiment showed that pipetting the extra liquid off the hydrophobic coverslip improved 
repeatable results (83% success rate compared to 66% for tilting the liquid off the coverslip). In 
addition, unusable gels from the pipetting method had too many beads (Figure 23), whereas 
unusable gels from the tilting method had too few beads. Too many beads are preferred since 
areas with lower bead density can usually be found. If there are too few beads, there are usually 
no usable gel areas. 
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Figure 23. Pipetting off the excess bead solution produced more consistent beaded gels. Two 
different techniques were compared for creating beaded gels. Tilting resulted in some well-
distributed and dispersed beads on the gel (A), but unsuccessful gels did not have enough beads 
present for TFM (B). Pipetting off the excess liquid produced a higher number of gels with well-
distributed beads (C), and the unusable coverslips (D) were deemed unusable because there were 
too many beads clumped together. Scale bar represents 60 μm. 
 
 
3.2.5 Cell seeding on Polymerized Gels 
After the gel was polymerized, Sulfo-SANPAH (0.45 μg/mL) in 10% dimethyl sulfoxide 
(DMSO) and 50 mM HEPES buffer was pipetted onto the gel surface and exposed to UV light for 
10 minutes before rinsing in 50 mM HEPES. The gels were incubated with 100 µg/mL collagen 
at 37°C for 4 hours and then rinsed with PBS. Cells were seeded on gels at 5,000 cells/cm2. The 
cells were allowed to adhere for 12 to 16 hours before performing TFM. 
 Samples were imaged by fluorescence and phase contrast microscopy. The gel with 
adherent cells was attached to a microscope slide using vacuum grease to prevent gel rotation. 
Phase contrast images were taken of a single cell, and the beads just below the gel surface were 
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imaged by fluorescence microscopy (FITC filter ex/em 441/486 nm). Cells were then detached 
with 0.025% Trypsin-EDTA, and beads were imaged without any cells present. Images were then 
processed using ImageJ to remove background, apply an unsharp mask to reduce blur and 
sharpen the bead edges, and increase the brightness and contrast before using the LIBTRC 2.4 
software to determine bead displacement by the cell, and thus determine the cell traction force 
exerted on the gel [33].  
3.2.6 Single Cell Treatment with TNF-α 
 Cells on 2 or 6 kPa PA gels coated with 100 μg/mL collagen as described were then 
serum starved in medium containing 1% FBS for 12 to 16 hours. 0, 10, or 25 ng/mL recombinant 
porcine TNF-α from R&D Systems was added directly to each culture well prior to testing for the 
time specified within each experiment. 
3.2.7 Statistical analysis 
 Statistical analysis was performed using Microsoft Excel and SPSS Statistics. Data are 
presented graphically as mean ± standard deviation. Comparisons between treated and control 
conditions were analyzed using Student’s t-tests in Excel, while comparisons between more than 
two groups were performed in SPSS using a one-way ANOVA. SPSS was also used to perform a 
two-way ANOVA on the interaction between substrate stiffness and treatment type. A p-value of 
less than 0.05 was considered statistically significant (**) p <, 0.001, (*) p < 0.01  (#) p < 0.05. A 
nonparametric Mann-Whitney U test was also performed on treated and control samples of 
different stiffness to analyze significance using the above stated parameters. 
 
 59 
3.3 Results and Discussion 
3.3.1 TFM for single cells on substrates of varied stiffness 
 I first measured traction forces in single cells on substrates of different stiffness (without 
TNF-α treatment) to validate my methods. Endothelial cell traction force doubled as the substrate 
stiffness increased from 2 to 6 kPa and doubled again with the increase from 6 to 11 kPa (Figure 
24). A one-way ANOVA with Tukey post-hoc testing found a significant difference in the forces 
between substrate stiffnesses and the Tukey post-hoc test found that the significant differences 
were between 2 and 11, and 6 and 11 kPa gels (p<0.001). This result was consistent with that 
found by Califano et al. in a similar experiment using bovine aortic endothelial cells. Califano et 
al. found that increasing substrate stiffness from 1 to 5 kPa caused a 2.5-fold increase in traction 
force and increasing from 5 to 10 kPa caused a 1.5-fold increase in traction force [36]. The 
significant difference in traction force produced by cells seeded on different stiffness substrates 
indicated that the methodology used to measure the traction force was effective in producing 
differentiable results. This experiment provided the training and validation needed to move 
forward with testing cell traction forces using soluble factors such as TNF-α. 
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Figure 24. Porcine aortic endothelial cells increased traction force with substrate stiffness.  
Traction force of endothelial cells seeded on 2, 6, and 11 kPa gels were compared using TFM. 
PAEC were sparsely seeded on collagen coated PA gels for 16 hours, after which traction force 
was measured using TFM. The traction forces were found using the LIBTRC 2.4 software 
developed by Micah Dembo (** p < 0.001).  
 
 
 
3.3.2 TFM on Single Cells Treated with TNF-α on substrates of varied stiffness 
 Single PAEC on 6 kPa gels were treated with 25 ng/mL TNF-α for 10 hours. The 
concentration and timing were selected to compare results to the literature, in which HUVECs 
exerted maximal traction force after 10 hours TNF-α exposure on 5 kPa polyacrylamide gels [17]. 
No significant difference in traction force was measured following TNF-α treatment (unpaired 
Student’s t-test and Mann-Whitney U test). I therefore reviewed the individual data points for 
each experiment. TNF-α treated cells had large standard deviations because there were a few 
“hyper-responders” within each experiment (Figure 25). These “hyper-responders” were not 
statistical outliers, and review of raw traction force microscopy images did not indicate any 
specific reason that the cells should have such a high traction force such as low bead number or 
irregular cell morphology. No correlation could be easily drawn between cell area and traction 
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force, suggesting that these cells were simply responding more strongly to the TNF-α than other 
cells that were treated. 
 
 
 
Figure 25. Traction force did not increase on 6 kPa substrates with 25 ng/mL TNF-α 
treatment, but showed “hyper-responders”. Endothelial cells seeded on 6 kPa polyacrylamide 
substrates were treated with 25 ng/mL TNF-α for 10 hours and compared to untreated controls. 
(A) The first experiment showed two “hyper-responders” at 5 and 7.5 μN. (B) The duplicate of 
the experiment also presented with a “hyper-responder” at 5.75 μN.  
 
 
 Further literature review showed that 25 ng/mL TNF-α was higher than the 10 ng/mL 
used in several other papers that described TNF-α induced actin cytoskeletal changes [38, 55]. In 
addition, significant differences in traction force with TNF-α treatment were only noted after 24 
hours [17]. I therefore repeated traction force experiments on 6 kPa gels 24 hours after 10 ng/mL 
TNF-α treatment. Again, no significant difference was observed between untreated and treated 
cells using either the t-test or the nonparametric Manny-Whitney U test (Figure 26). Some 
“hyper-responders” were seen in experiment 1, but experiment 2 actually showed decreased 
traction force with TNF-α treatment.  
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Figure 26. Traction force did not increase on 6 kPa substrates with 10 ng/mL TNF-α 
treatment, but showed “hyper-responders”. Endothelial cells seeded on 6 kPa polyacrylamide 
substrates were treated with 10 ng/mL TNF-α for 24 hours and compared to untreated controls. 
(A) The first experiment showed two “hyper-responders” at 3 and 5.75 μN. (B) The duplicate of 
the experiment showed controls that had higher traction forces than normally presented and were 
higher than the TNF-α treated cells. 
 
 
 The effect of substrate stiffness on cell traction force response to TNF-α treatment was 
finally measured at a shorter time point since no significant differences were seen at longer time 
points. PAEC were treated for 5 hours with 10 ng/mL TNF-α on 2 and 6 kPa gels to compare the 
effects of substrate stiffness on cell response to TNF-α. There was no significant change in 
traction force between treated and untreated cells (unpaired Student’s t-test and Mann-Whitney U 
test) on either stiffness gel. However the “hyper-responders” were still observed on the 2 and 6 
kPa gels (Figure 27). The “hyper-responders” found with the 2 kPa gels were 1 μN higher in 
value than those presented on 6 kPa gels, however the results are representative of only one 
experiment per gel stiffness. Traction force did not change among cells treated with 10 ng/mL 
TNF-α for 5 hours on 2 kPa and 6 kPa cells (two-way ANOVA comparing stiffness and 
treatment, as well as the interaction).  
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Figure 27. Traction force did not increase on 2 or 6 kPa substrates with 10 ng/mL TNF-α 
treatment. Endothelial cells seeded on 2 (A) and 6 (B) kPa polyacrylamide substrates were 
treated with 10 ng/mL TNF-α for 5 hours and compared to untreated controls. (A) The cells 
seeded on 2 kPa gels showed “hyper-responders” at 3, 5, and 9 μN. (B) The cells seeded on 6 kPa 
gels had “hyper-responders” at 4 μN and two at 8 μN. The two-way ANOVA did not show a 
significant difference with treatment or due to substrate stiffness (p > 0.05). 
 
 
More experiments are needed to elucidate the changes in cells in response to TNF-α on 
substrates of different stiffness. These include experiments such as imaging of the temporal 
changes in actin, time course experiments using TFM, and TFM using cell monolayers. These 
experiments will allow visualization of the changes in cell structure and shape over time, while 
also providing quantifiable results to support the differences that were visualized. 
 
3.4 Conclusions 
 A method was developed to create polyacrylamide gels of varying stiffness with adequate 
bead distribution to analyze single cells by TFM. Carefully pipetting the extra bead solution off of 
the top coverslip provided at minimum an 83% success rate for gels having adequate, un-clumped 
beads.  
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 PAEC seeded on 2, 6, and 11 kPa collagen coated gels doubled their traction force with a 
double in substrate stiffness. These results were consistent with previously published data on 
bovine aortic endothelial cells [36]. The ability to replicate results shown in the literature showed 
that the traction force methodology was effective and repeatable.  
 The repeatable methodology was then applied to single cells treated with TNF-α. No 
significant difference was found on either 2 or 6 kPa gels regardless of the TNF-α concentration. 
Published results could not be replicated [17]. This could be because HUVEC and PAEC respond 
to TNF-α differently or at different times, or due to the difference in applied TNF-α 
concentration. Even though the single cell results presented in the literature could not be 
replicated, the decision was made to transition to testing cells in monolayers with TNF-α because 
they represent a more physiological model.  
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4. TRACTION FORCE MICROSCOPY ON CELL MONOLAYERS 
4.1 Introduction 
4.1.1 Cell Monolayers and Cell-cell Junctions 
 In the body, endothelial cells line the lumen of blood vessels in a continuous layer.  
Therefore, in vitro studies of confluent monolayers more closely simulate the in vivo environment 
than studies of single cells. Kidney epithelial cells seeded on micropillars were compared as 
confluent monolayers, subconfluent layers, or single cells. It was found that cells in monolayers 
exert much lower cell-substrate forces as demonstrated by the lack of deformation of the 
micropillars when compared to single cells or even subconfluent cell layers [56]. This suggests 
that cell-cell junctions are responsible for much of the force transmission taking place within a 
cell monolayer. Cell functions that depend on intercellular interactions can only be studied in 
monolayers, since cell monolayers enable cell-cell junction formation and intercellular cue 
transmission. Cell-cell junctions can moderate permeability by opening or blocking the gaps 
between cells. The junctions also control cell growth and death through contact inhibition. When 
cells sense that they are surrounded by other cells through cell-cell junctions, then the cells 
moderate the rate of proliferation and can initiate death to make room for new cells [57].   
 Endothelial cells in a monolayer form both adherens and tight junctions that control 
endothelial functions such as permeability, cell growth and death [57]. Tight junctions mediate 
inter-cellular permeability. The purpose of adherens junctions is twofold: adherens junctions 
signal gene transcription and transmit mechanical forces in cell monolayers as well as provide a 
second barrier for intercellular permeability. Vascular endothelial (VE)-cadherin, an endothelial 
cell specific cadherin, is the most highly expressed cadherin at adherens junctions [57]. VE-
cadherin binds to β-catenin when the adherens junctions are intact. β-catenin is a part of the 
adherens junction complex that binds to the actin cytoskeleton [58]. β-catenin can become a 
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signaling molecule, and not just a structural component of the adherens junction. It translocates 
into the nucleus and stimulates Tcf transcription factor expression, which ultimately affects gene 
expression of Wnt receptors that modulate cell survival and proliferation [58]. Adherens junctions 
are critical to cell-to-cell mechanical force transmission, and therefore are the focus of this thesis. 
4.1.2 Tumor Necrosis Factor-α 
Tumor necrosis factor-α disrupts endothelial cell-cell junctions [39]. After just 15 
minutes of TNF-α treatment, HUVECs on glass lose VE-cadherin at cell-cell junctions. This loss 
of VE-cadherin at the cell-cell junctions is accompanied by an increase in actin alignment, which 
occurs 5 to 10 minutes after TNF-α treatment, along with intercellular gap formation. 
Interestingly, when stress fiber formation was prevented using C3 transferase, which inhibits Rho 
(a crucial part of the actin stress fiber polymerization pathway), the intercellular gaps no longer 
formed [16]. TNF-α also decreases the overall presence of tight junction protein ZO-1 in bovine 
retinal endothelial cells by decreasing the ZO-1 mRNA content. This decrease in tight junction 
proteins further increases intercellular permeability [59].  
4.1.3 Tumor Necrosis Factor-α effects on endothelial cell monolayers on substrates of different 
stiffness 
Patients with hypertension have stiffened blood vessels and increased TNF-α in the 
bloodstream [8, 13]. Since TNF-α is thought to disrupt cell-cell junctions via actin rearrangement, 
cell monolayers on stiff substrates may behave differently in response to TNF-α than those on 
soft substrates since substrate stiffness increases actin stress fibers. Krishnan et al. micropatterned 
small cell clusters and studied the net contraction in response to thrombin, a contractile stimulus. 
Cells on stiff substrates lost their cell-cell junctions when exposed to thrombin, and increased 
cell-substrate forces were seen on the stress maps at cell edges [60]. When the same experiment 
was performed on a soft substrate, the cell-cell junctions appeared to remain intact and the forces 
visualized on the stress maps increased around the edges, but remained constant at the cell-cell 
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junctions [60]. TNF-α may have similar effects in cell monolayers, with increased traction force 
due to increased actin fiber formation at the cell-cell junctions on stiffer substrates. This chapter 
investigates traction force changes in endothelial cell monolayers exposed to TNF-α. I 
hypothesize that cells on soft substrates will increase overall traction force with TNF-α treatment 
because the cell-cell junctions remain intact, while cells on stiff substrates will increase traction 
force at cell-cell junctions due to increased actin fiber formation and cell-cell junction disruption. 
These studies will elucidate the stiffness-dependent effects of TNF-α on the cell traction forces, 
which can improve our understanding of how patient response to TNF-α may vary with arterial 
stiffness and help define better methods of treating inflammation in hypertension. 
 
4.2 Methods 
4.2.1 Cell culture and materials 
 Porcine aortic endothelial cells (PAEC) were cultured as previously described. 
Polyacrylamide gels were prepared as previously described using an activated bottom coverslip 
and hydrophobic, silanized top coverslip. TFM gels were prepared as previously described, and a 
thin second polyacrylamide gel layer of the same stiffness was polymerized on top of the existing 
gel with a 1:100 dilution of fluorescent beads.  
4.2.2 Immunofluorescence Imaging 
 PAEC were seeded at 13,000 cells/cm2 on 12 mm round 6 kPa polyacrylamide gels 
coated with 100 μg/mL collagen prepared as previously described or 12 mm round glass 
coverslips. Cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) with 5% 
fetal bovine serum (FBS) at 37°C and 5% CO2 for three days to ensure a post-confluent 
monolayer. The cells were transferred to serum starved conditions (1% FBS DMEM) for 12 to 16 
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hours at 37°C and 5% CO2. After starvation, cells were treated with 10 ng/mL TNF-α and 
incubated at 37°C and 5% CO2 for 1, 3, 6, 9, 12, or 24 hours.  
 A control and treated sample were fixed at each time point with 4% paraformaldehyde for 
20 minutes at room temperature. Cells were rinsed three times with phosphate buffered saline 
(PBS) and either labeled immediately or stored at 4°C. For immunofluorescent microscopy, cells 
were first permeabilized with 0.1% Triton X-100 for 5 minutes and thoroughly washed in PBS. 
Cells were blocked with 1% bovine serum albumin (BSA) in PBS for 30 minutes. A β-catenin 
primary antibody (1:250) was added to the cells for 2 hours at room temperature. Cells were then 
thoroughly washed with PBS before adding the goat anti-rabbit AlexaFluor 488 (1:250) for 1 
hour at room temperature. After thorough washing, Hoescht (nuclei, 1:2000) and rhodamine 
phalloidin (actin, 1:60) were added for 30 minutes at room temperature. After thorough washing, 
samples on glass were mounted on coverslips using a 50:50 PBS:glycerol solution. Cells on 
polyacrylamide gels were stored in PBS at 4°C and inverted onto a 20 x 40 mm slide with a drop 
of PBS for imaging without mounting due to the thickness of the gel. After imaging, the gels 
were returned to the PBS and stored at 4°C to save for further imaging. 
 Samples were imaged using a 60X fluorescent microscope oil immersion objective.  
Actin was imaged using the tetramethylrhodamine isothiocyanate (TRITC) filter [547/572 nm 
ex/em]. Nuclei were imaged using the 4',6-Diamidino-2-Phenylindole (DAPI) filter [358/461 nm 
ex/em]. β-catenin was imaged using the fluorescein isothiocyanate (FITC) filter [494 /518 nm 
ex/em]. All images were captured at identical gain and exposure (β-catenin: gain = 16, exposure = 
50; actin and nuclei: gain = 1, exposure = 50).The images were similarly processed to subtract 
background, add an unsharp mask, adjust brightness and contrast, and merged using ImageJ. 
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4.2.3 Traction Force Microscopy in Cell Monolayers over time 
 PAEC were seeded at 10,500 cells/cm2 on 12 mm round 6 or 55 kPa polyacrylamide gels 
prepared with fluorescent microbeads as described above. Samples were maintained in DMEM 
with 5% FBS at 37°C and 5% CO2 for three days until semi-confluent. Cells were serum starved 
in 1% FBS DMEM for 12 to 16 hours at 37°C and 5% CO2.  
 Samples were transferred to serum free CO2 independent DMEM and treated with 0 or 10 
ng/mL TNF-α in 0.1% BSA. Samples were immediately secured to a 22 x 40 mm microscope 
slide using vacuum grease and placed on the microscope stage. The microscope stage was heated 
to 37°C using a weather station. Additional CO2 independent medium with the appropriate TNF-α 
level was added to the surface of the gels to keep them hydrated while on the stage. Cells and 
beads were imaged at 0, 30, and 60 minutes by phase contrast and fluorescent microscopy, 
respectively. All cells were then trypsinized, and a final image was captured of bead null position. 
 Fluorescent microscopy images were pre-processed using ImageJ. Background was 
subtracted and an unsharp mask was applied before adjusting the brightness and contrast. The 
background was subtracted a second time, and the null, 30, and 60 minute bead images were 
aligned to the 0 minute bead image using an open source ImageJ template matching plugin called 
“Template Matching and Slice Alignment.” The template matching plugin uses a specified area of 
the first image in a stack to match the remaining images in the stack using a normalized 
correlation coefficient via feature intensity and shape. Aligned images were cropped to show a 
two cell pair with a clear cell-cell junction. The images were then processed using the LIBTRC 
software developed by Micah Dembo to find the traction force vectors and cell area [33]. The 
results were post-processed using a custom program in Matlab developed by Rebecca Urbano of 
the Vascular Kinetics Laboratory to analyze overall and cell-cell junction traction forces. In this 
program, displacement vectors and magnitude of force output from the Dembo program were 
mapped in Matlab. The coordinating phase contrast image was used to select either cell-cell 
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junctions or the whole image and the forces produced by the Dembo program were integrated 
over the selected area to generate overall forces or cell-cell junction forces. Results were 
compared using a two-way ANOVA. Post-hoc testing used the Tukey method to find differences 
at any time points, or differences with treatment. The Tukey test will compare treated vs. 
untreated, and the three time points for significance.  
 
4.3 Results 
4.3.1 Immunofluorescence microscopy  
TNF-α treatment of cells on 6 kPa gels increased peripheral actin as early as 1 hour after 
treatment, and this effect lasted until 6 hours post-treatment (Figure 1). By 24 hours, TNF-α 
treated cells appeared similar to controls. Cells on glass did not appear different from controls 
after 1 and 6 hours of treatment. At 24 hours the cells developed thick actin stress fibers that 
crossed the cell and followed the cell elongation direction. These results suggested both a 
functional and temporal difference in endothelial cell monolayer response to TNF-α on substrates 
of varied stiffness.  
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Figure 28. TNF-α treatment increased peripheral actin in cells on 6 kPa gels at shorter 
times than in cells on glass. Confluent cell monolayers on 6 kPa gels or glass were subjected to 
0 or 10 ng/mL TNF-α treatment (control and TNF-treated respectively). The actin cytoskeleton 
was imaged using rhodamine phalloidin at 60X (scale bar = 10 μm). The images were then 
processed using ImageJ to subtract background and adjust brightness and contrast evenly across 
all images. 
 
 
 Unfortunately, β-catenin images on gels were inconclusive due to inconsistent labeling. 
β-catenin in cells on glass appeared thinner at the cell-cell junctions and more localized to the 
nuclei 24 hours post-treatment (Figure 29), which was consistent with actin cytoskeleton changes. 
The β-catenin appeared to show more nuclear localization at 24 hours in cells on glass and 6 kPa 
gels with TNF-α treatment; however this was also observed to a lesser extent in the control 
samples. The β-catenin at the cell-cell junctions in TNF-α treated cells was thinner at 6 and 24 
hours for cells seeded on 6 kPa gels, and at 24 hours for cells seeded on glass. This suggests less 
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β-catenin was present at the cell membrane and more was localized to the nucleus. These results 
were also inconsistent, with large differences between experimental duplicates and high nuclear 
β-catenin even without TNF-α treatment. We therefore used TFM to examine temporal 
differences in endothelial cell monolayer response to TNF-α on substrates of varied stiffness. 
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Figure 29. TNF-α treatment increased nuclear β-catenin on 6 kPa gels and glass at 24 hours 
as well as decreased β-catenin at the cell membrane. Confluent cell monolayers on 6 kPa gels 
or glass were subjected to 0 or 10 ng/mL TNF-α treatment (control and TNF-treated 
respectively). β-catenin was imaged using a primary antibody and goat anti-rabbit AlexaFluor 
488 at 60X (scale bar = 10 μm). The images were then processed using ImageJ to subtract 
background and adjust brightness and contrast evenly across all images. 
 
 
4.3.2 Traction force microscopy  
 The following data are presented as preliminary results, since experiments have not yet 
been replicated. Traction forces at cell-cell junctions were analyzed using the custom Matlab code 
previously described (Figure 30). The Matlab heat maps highlight an area of the cell-cell junction, 
and show that the forces are increasing across time. Initially, at less than five minutes, the cell-
cell junction only shows blue and light blue representing about 200 to 700 Pa of force. However, 
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after 30 minutes in TNF, yellow has begun to enter the cell-cell junction area, indicating around 
1200 Pa of force. By 60 minutes a red patch is forming in the cell-cell junction area indicating 
about 2000 Pa of force. The force steadily visually increased over time at the cell-cell junction on  
 
 
 
Figure 30. A Matlab program was able to isolate cell-cell junctions for analysis separate 
from the overall traction forces in multi-cell images. (A) Cell-cell junctions were identified on 
phase contrast images and selected using the custom Matlab program. The force vectors were 
then used to create heat maps at less than 5 minutes (B), 30 minutes (C), and 60 minutes (D) after 
immersion in either control or treated (10 ng/mL TNF-α) CO2 independent media. The forces in 
the selected area were integrated to determine the differences in cell-cell junction traction forces.  
 
 
a 55 kPa gel treated with 10 ng/mL TNF-α. When traction forces were integrated over the defined 
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cell-cell junction area, the cell-cell junction forces were not significantly different between 
control and treated samples or over time (Figure 31). However, overall traction force  
 
 
 
Figure 31. No significant differences were found at cell-cell junctions when comparing 
control and TNF-α treated cells on 6 kPa gels. Cells on 6 kPa gels were either untreated or 
treated with 10 ng/mL TNF-α. Both were imaged at less than 5 minutes, 30 minutes, or 1 hour to 
analyze the forces at cell-cell junctions. There were no significant differences between control 
and treated samples at the cell-cell junctions specified using the Matlab program at any time 
point. 
 
 
increased 2.5-fold in TNF-α treated samples as compared to controls at less than 5 minutes and 
after 30 minutes, although no significant difference was found over time (Figure 32). The 
differences observed suggest that cells contracted but maintained their cell-cell junctions because 
the forces at cell-cell junctions remained unchanged after TNF-α treatment, however the overall 
traction force increased. This means that TNF-α treatment might not disrupt cell-cell junctions on 
softer substrates, leaving the endothelial layer permeability unchanged. These results also suggest 
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a transient traction force response to TNF-α because treatment effects appear to diminish after 60 
minutes.  
 
 
Figure 32. Overall forces significantly increased for TNF-α treated cells on 6 kPa gels. Cells 
on 6 kPa gels were either untreated or treated with 10 ng/mL TNF-α. Traction forces for the 
entire cell pair were analyzed at less than 5 minutes, 30 minutes, or 1 hour after treatment (# p < 
0.05). 
 
 
Cells on a stiff substrates (55 kPa) showed opposite traction force trends compared to 
cells on 6 kPa gels (Figure 33). Cell-cell junction traction forces were 2.5-fold higher with TNF-α  
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Figure 33. Traction forces at cell-cell junctions increased at less than five and thirty minutes 
for TNF-α treated cells on 55 kPa gels. Cells on 55 kPa gels were treated with 0 or 10 ng/mL 
TNF-α. Traction forces were analyzed at less than 5 minutes, 30 minutes, or 1 hour. Significant 
differences between control and treated samples were found at the cell-cell junctions at less than 
five and thirty minutes (# p < 0.05). 
 
 
treatment at less than 5 minutes, and nearly tripled at 30 minutes when compared to the control 
samples. However, there were no significant differences in overall traction force (Figure 34). The 
increase in cell-cell junction traction force, combined with the lack of significant difference in 
overall traction force, in cells on stiff substrates suggests that the cell-cell junctions have been 
disrupted. This indicates that cells seeded on stiffer substrates may respond more as single cells 
after early TNF-α effects rather than as a cell monolayer.  Similar to the cells on soft gels, these 
results also suggest a transient traction force response to TNF-α because treatment effects appear 
to diminish after 60 minutes. 
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Figure 34. No significant differences were found in overall traction force when comparing 
control and TNF-α treated cells on 55 kPa gels. Cells on 55 kPa gels were either untreated or 
treated with 10 ng/mL TNF-α. Both were imaged at less than 5 minutes, 30 minutes, or 1 hour to 
analyze the overall traction forces. There were no significant differences between control and 
treated samples at the cell-cell junctions specified using the Matlab program at any time point. 
 
 
4.4 Conclusions 
 Actin stress fibers increased on stiff glass substrates after 24 hours TNF-α treatment. 
These data suggest stronger cell-substrate connections rather than cell-cell connections. In 
addition, less β-catenin was found at the cell periphery and more localized to the nucleus in cells 
treated with TNF-α for 24 hours, which also supports cell-cell junction disruption. The peripheral 
actin in cells on 6 kPa gels suggests that the cells on soft substrates distribute force across the 
monolayer through intact adherens junctions, rather than through cell-substrate interactions. The 
TFM data do not correlate with the temporal differences observed by immunofluorescence in 
cells on stiff versus soft substrates, therefore longer term TFM experiments may be necessary. 
 79 
 These preliminary results support the hypothesis that cells on soft substrates increase 
overall traction force with TNF-α treatment because cell-cell junctions remain intact, while cells 
on stiff substrates increase traction force at cell-cell junctions due to increased actin fiber 
formation and cell-cell junction disruption. The increased cell-cell junction force in endothelial 
cell monolayers on stiff substrates with TNF-α treatment suggests that the cells are not pulling on 
each other through their cell-cell junctions and are instead pulling on the substrate via their actin 
cytoskeleton. The data suggesting overall force does not increase on stiff substrates might be 
because the cells are behaving as single cells. Our data from Chapter 3 show that single PAEC do 
not change traction forces in response to TNF-α. The cells on soft substrates increase overall 
traction force rather than cell-cell junction traction forces because the adherens junctions remain 
intact and allow force distribution across the whole cell monolayer.  
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5. CONCLUSIONS AND FUTURE WORK 
5.1 Conclusions 
 This thesis investigated the effects of TNF-α on single cells and cell monolayers on 
substrates of different stiffness mainly using traction force microscopy. The research motivation 
was to determine if endothelial cells in early, stiffened hypertensive vessels respond differently to 
circulating TNF-α than cells in softer vessels.  
The spinning disc device was modified to add a micropatterned polyacrylamide gel to 
restrain cell spreading and allow for longer adhesion times, as well as to allow testing of the 
effects of varying stiffness substrates. Once a method of micropatterning a portion of the disc was 
tested, cell seeding was performed and the cells remained viable for at least 24 hours. However, 
adhesion strength testing using different stiffness polyacrylamide gels was not possible with 
TNF-α treatment because the spinning disc system did not produce reliable results due to uneven 
gel micropatterning and cell seeding. 
 While single porcine aortic endothelial cells increased traction force on stiffer substrates, 
they did not significantly increase traction force in response to TNF-α. However, a small 
percentage of cells seeded on both 2 and 6 kPa polyacrylamide gels were “hyper-responders” to 
TNF-α treatment, exerting at least double the traction force as compared to control cells. These 
“hyper-responders” were not further investigated, but did suggest that cells could increase 
traction forces in response to TNF-α in specific yet unknown conditions.  
 Porcine aortic endothelial cells were then cultured in monolayers rather than single cells, 
since this condition incorporates TNF-α changes in cell-cell junctions and represents a more 
physiological condition. Cell monolayers on soft 6 kPa substrates doubled overall traction force at 
less than five and thirty minutes after treatment with TNF-α, but there was no increase in traction 
force at the cell-cell junctions. On stiff, 55 kPa substrates the traction forces at the cell-cell 
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junctions doubled while the overall traction forces remained the same. This difference in traction 
force localization may be caused by a disruption in the cell-cell junctions of cells on stiffer 
substrates treated with TNF-α. This difference in forces is further supported by the differences in 
immunofluorescent images. Cells on glass showed a large increase in actin stress fibers crossing 
the cell compared to cells on soft gels that showed an increase in peripheral actin. These 
differences in actin arrangement might translate to differences in traction force distribution, but 
more work is needed in the future to determine the root cause of the difference. 
 In sum, these data suggest that in vitro models of inflammation in hypertension would 
benefit from using substrates of different stiffness to emulate in vivo conditions. This suggests 
that substrate stiffness can modulate the cellular forces in response to soluble factors, 
emphasizing the importance of including mechanics in biochemical studies of disease.  
 
5.2 Future Work 
 Traction forces at cell-cell junctions and throughout the cell monolayer depend on 
substrate stiffness. Future work should investigate the mechanism underlying this difference. 
Actin polymerization (via Rho or myosin light chain kinase) is likely an important component, 
and this could be enhanced or disrupted biochemically. In addition, the cell-cell junctions 
themselves should be investigated and manipulated to determine if they affect the substrate 
stiffness dependent changes. A functional effect of substrate stiffness on TNF-α response, such as 
nitric oxide production, as well as in vivo or ex vivo studies in hypertensive animals or arteries 
would increase the clinical relevance of these results. 
 While short-term traction force changes were measured in cell monolayers, longer-term 
changes should be examined in the future to determine the temporal differences between the 
conditions. I would also be interested in finding the transition stiffness at which the traction force 
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localization shift occurs. If this transition occurs at a stiffness representative of a physiological 
change in hypertension progression, doctors might be better able to diagnose when a hypertensive 
individual will switch from acute to chronic disease, or when a certain treatment will start being 
less effective. This valuable information could improve hypertension treatment outcomes while 
decreasing cost, since the treatment could be better adapted to the disease stage.  
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